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Abstract 
     The Suslick group has developed a disposable colorimetric sensor array methodology for use 
as an optoelectronic nose that has been applied successfully for the identification of a wide range 
of both gases/vapors and analytes in aqueous liquids. These colorimetric sensor arrays, however, 
are extremely effective for detecting reactive species, they do not exhibit high sensitivity to less-
reactive vapors. Common volatile organic compounds (e.g., aromatic hydrocarbons, 
chlorocarbons) which are commonly found indoor are not especially reactive and are difficult to 
detect at low concentration by our colorimetric sensor array. To improve the array response, a 
disposable pre-oxidation technique has been developed in which a vapor stream is passed 
through an oxidation tube in front of the array. Oxidation byproducts (e.g., carboxylic acids, 
phenols, aldehydes, etc.) are reactive species that can be easily detected. Since each analyte 
produces different kinds of oxidation byproducts, the array gives a unique signature for a wide 
range of VOCs. The identification and discrimination of the most commonly found indoor 
pollutants is achieved at various concentrations, including their immediately dangerous to life or 
health (IDLH), permissible exposure limit (PEL), and 20% of the PEL concentrations. The array 
with the pre-oxidation has shown excellent performance in the presence of humidity, shelf-life, 
and reproducibility.  
     Our array with a pre-oxidation method has shown excellent sensitivity and selectivity towards 
VOCs and indoor pollutants. However, as we have shown in our previous studies, detection of 
alcohols (e.g., ethanol, methanol, and phenol) with the pre-oxidation tube has not shown 
excellent sensitivity compared to other VOCs. Alcohols or their oxidation byproducts adsorption 
on the surface of silica decreased the sensitivity for detection of alcohols. The optimum array 
response to alcohols occurred with pre-oxidation tubes loaded with 30mg of chromic acid on 
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alumina. Five different alcohols can be successfully detected and discriminated at their IDLH, 
PEL, and 20% of PEL concentrations. Comparison of the limits of detection of the array for 
alcohols with the alumina and silica pre-oxidation methods indicated an improvement of ~42-
fold. 
     Colorimetric sensor array with the pre-oxidation technique has been applied successfully for 
detection and discrimination of different brands and grades of automotive fuels and different 
ignitable liquid residues. Classification analysis reveals that the colorimetric sensor array has an 
extremely high dimensionality with the consequent ability to discriminate among a large number 
of similar gasoline and diesel at two different concentrations. The unburned substrates with the 
selected different accelerants and the burned residues with selected different accelerants can be 
detected and well discriminated with our array with the pre-oxidation technique. This work 
demonstrated that our technology can be used for quality control of automotive fuels and fire 
investigation to indicate the presence of the ignitable liquids. 
     A pre-oxidation spot have been developed as we transition to a linear array since the pre-
oxidation tube will be difficult to incorporate. An inorganic formulation consisting of Ludox 
colloidal silica was successfully developed for printing the strong oxidizing agent. The pre-
oxidation spot coated inside the glass tube achieved the equivalent oxidizing power as the pre-
oxidation tube, but response times were slower. A linear array was successfully printed and 
tested, but further work is needed to improve its performance. 
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Chapter1: Electronic Noses for Detection of Gaseous Analytes 
1.1 Introduction 
     The human olfactory system can detect and distinguish among thousands of odorants, but it is 
easily tired and has difficulty quantifying concentrations. The first artificial olfactory system was 
developed in 1982 to try to overcome these limitations.1 Electronic noses can be used in many 
areas, such as environmental monitoring, non-invasive medical diagnostics, security screening, 
and food spoilage.2-8 However, previous sensor technologies had problems such as low 
sensitivity and selectivity and were expensive and lacked portability.9-16 To overcome these 
problems, electronic noses technology has been continuously researched. In particular, array-
based technology, which mimics human olfactory systems based on semi-specific receptors,16 is 
a very promising sensor technique. 
1.2 Array-based Chemical Sensor 
    A conventional sensor is often designed to react with only one analyte of interest. Array-based 
chemical sensors incorporate multiple different sensors. This leads to several advantages against 
a single sensor: improvement of selectivity from different response patterns, capability to 
evaluate complex vapor mixtures, and insensitivity to interference.17 The general procedure for 
performing an experiment with a sensor array system is shown in Figure 1.1.18 
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Figure 1.1. General scheme of a chemical sensor array.18 
The target vapor is delivered to the sensor array which produces different response patterns upon 
reaction with the analyte. Depending on the type of the sensor array, different signals (e.g., 
electrical change, color change, and physical change) are elicited by the presence of vapor. 
Through a pattern recognition algorithm, the response pattern is interpreted to the appropriate 
classification. Many different types of sensor arrays (metal oxide sensors, conductive polymer 
sensors, acoustic wave sensors, microcantilever sensors, and optical sensors) have been reported 
for detection of gaseous analytes.  
1.2.1 Metal Oxides Sensors 
     Metal oxides sensors (MOS) are some of the most commonly used electronic noses.19-22 MOS 
consist of three parts: a metal oxide film, a heating element, and electrical contacts (Figure1.2).22   
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Figure 1.2. Structure of a metal oxide sensor on a ceramic wafer substrate. 22 
     Tin oxide (SnO2) is the most widely used material for MOS.23-27 Tin oxide sensor was first 
discovered in the 1960s. Tin oxide, an n-type semiconductor, shows an increased conductivity 
when reducible gases (e.g., H2 and CO) are present compared to the conductivity in air. 
Conductivity changes are induced due to the change of the number of charged species (O-, O2-, 
and O2-) adsorbed on the surface. O-, which is the most reactive, dominates the conductivity of 
the semiconductor. O- adsorption on the surface forms a charge layer by creating a potential 
barrier to conduction. Exposure to reducing gases which reacts with the adsorbed oxygen species 
lowers the sensor resistance by consuming oxygen as shown in Figure 1.3.17 Tin oxide sensors 
have been developed for the detection of toxic gases and volatile organic compounds.28-31 The 
general mechanism of other n-type metal oxide sensor is identical to the tin oxide sensor.  
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Figure 1.3. Potential barrier at the grain boundary on the surface of tin oxide in (a) air and (b) a 
reducing gas. 17 
 
     Tungsten oxide (WO3) is also heavily used in metal oxide sensors.32-36 Tungsten oxide sensor 
has been applied to various types of gases.37-41 Tables 1.1-1.3 summarize recent work using 
tungsten oxide sensors.36 Tungsten oxide sensors have shown high sensitivity to nitrogen dioxide 
(Table 1.1), but the sensor lacks sensitivity for the detection of hydrogen sulfide and ammonia 
(Tables 1.2 and 1.3).      
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Table 1.1. Tungsten oxide sensors for nitrogen oxide (NO2) detection.36 
 
Table 1.2. Tungsten oxide sensors for the detection of different types of gases.36 
 
 
Table 1.3. Detection limits of tungsten oxide sensors for different types of gases.36 
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     Metal oxide sensor arrays which incorporate different kinds of metal oxides have also been 
developed.42-49 Different metal oxides exhibit different behavior when they are exposed to gases. 
By making array-type sensors, metal oxide sensors can be more selective. A sensor array having 
SnO2, ZnO, WO3, In2O3, and CuO was developed and applied for the detection of toxic gases 
(e.g. CO, NO2, NH3, SO2, and H2S) by Tomchenko et al.50 The responses of the array to NO2 at 
two different temperatures are shown in Figure 1.4.50 At 400 °C, rapid recovery of the array from 
NO2 exposure was observed but the sensitivity was decreased compared to 200 °C. The array 
was tested against toxic gases at 300 °C as a compromise temperature (Figure 1.5).50 Testing 
concentration was 25 ppm for all the gases except CH4 which was 30 ppm. All the toxic gases 
were detected by the metal oxide sensor array. 
 
Figure 1.4. Responses of metal oxide sensors to NO2 at (a) 200 °C and (b) 400 °C.50 
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Figure 1.5. Responses of metal oxide sensors to toxic gases at 300 °C.50 
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     To improve the sensitivity, porous nanostructures of metal oxide have been studied.51-52 The 
porous structure of material can increase the sensitivity due to the rate of gas diffusion.53 
Different kinds of shapes (e.g., nanowires, nanotubes, nanospheres, and nanosheets) have been 
reported for the improvement of gas sensing.54-57 Among those different shapes, porous 
nanosheets are promising for the gas sensing due to their high surface areas and long-term 
stabilities.58 Compared to porous nanowires, nanosheets are relatively easy to synthesize with 
lots of pores.59 Several studies have demonstrated that porous nanosheets show improved 
sensitivity for detection of gaseous analytes.60-62 Huang and co-workers reported the gas sensing 
properties of porous ZnO nanosheets and compared them to the properties with nanorods.62 
Sensors based on the porous nanosheets and nanorods were tested against ethanol, acetone, 2-
propanol, and methanol at different concentrations (Figures 1.6 and 1.7).62 Comparison between 
porous ZnO nanosheets and nanorods demonstrated that the porous nanosheets showed higher 
sensitivity to the tested gases as shown in Figure 1.8.62  
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Figure 1.6. Responses of the porous ZnO nanosheets sensor when exposed to (a) ethanol and (b) 
acetone at 320 °C.62 
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Figure 1.7. Responses of the ZnO nanorods sensor when exposed to (a) ethanol and (b) acetone 
at 320 °C.62 
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Figure 1.8. Comparison of responses of the porous ZnO nanosheets and nanorods sensors at 
320 °C.62 
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1.2.2 Conductive Polymer Composite Sensors 
     Conductive polymer composite sensors have been developed and are mainly based on carbon 
black or polypyrrole as a conductive material.17 Conductive polymer sensors consist of two 
components: the conductive filler and the insulating matrix.17 Upon exposure to a gaseous 
analyte, the composite filler will swell and change the conductivity of the composite. The 
conductivity changes when the distance between conductive particles increases when the 
polymer swells by absorbing analyte. The resistance increases as the conductive particles 
increases. The resistivity of the conductive polymer composite sensor can be predicted based on 
percolation theory according to the below equation.63 
ρ ൌ ሺݖ െ 2ሻߩ௖ߩ௠ܣ ൅ ܤ ൅ ሾሺܣ ൅ ܤሻଶ ൅ 2ሺݖ െ 2ሻߩ௖ߩ௠ሿଵ/ଶ 
where  A ൌ ߩ௖ ቈെ1 ൅ ቀ௓ଶቁ ቆ1 െ ቀ
௩೎
௙ ቁቇ቉,  B ൌ ߩ௠ሾቀ
௭௩೎
ଶ௙ ቁ െ 1ሿ, 
ߩ௖ is the resistivity of the conductive filler, ߩ௠ is the resistivity of the insulating matrix, ݒ௖ is the 
volume fraction of the conductive filler in the matrix, f is the total packing fraction, and z is the 
coordination number of the conductive particles. Based on the equation, the sensor can be 
manipulated to be more sensitive by bringing the parameters close to the percolation threshold 
which is 2f/z.  
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     Lewis and his co-workers have developed a carbon black-based conducting polymer 
composite sensor array for the detection of different vapors.64-67 They used different polymer 
blends to increase the diversity of an array (Table 1.4).64 The array with seventeen sensors was 
tested against different kinds of organic vapors. Different polymer matrixes enhanced the 
discriminating power of the array among analytes. The first five principal components are 
responsible for 98% of the total variance. The array achieved separation of different kinds of 
analytes as shown in Figure 1.9.64 
Table 1.4. List of the polymer blends used in the Lewis sensor array.64  
 
14 
 
 
Figure 1.9. Principal component analysis of the detection of nine analytes by the array: (a) the 
first three dimensions of PCA (b) the third, fourth, and fifth dimensions of PCA.64 
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     More recently, Castro and co-workers have reported the discrimination of volatile organic 
compounds with an array of carbon nanotube (CNT) conductive composite sensors.68 They 
optimized the array by varying the amount carbon nanotube as the conductive filler and the type 
of polymer matrix. Experimental setup is shown in Figure 1.10.68 Saturated vapor was produced 
by bubbling liquid solvents with nitrogen flow. The resulted sensor array was tested against nine 
organic vapors which are biomarkers for lung cancer (Figures 1.11 and 1.12).68 The sensor array 
exhibited the discrimination capability towards nine chosen VOCs by principal component 
analysis (PCA) as shown in Figure 1.13.68 First three dimensions are responsible for 98% of total 
variance. 
 
Figure 1.10. Experimental setup for chemoresistive measurements with the CNT conductive 
polymer composite sensor array.68 
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Figure 1.11. Responses from cyclic exposure to nine VOCs by (a) poly(lactic acid) (PLA)-1% 
CNT (b) poly(methyl methacrylate) (PMMA)-1% CNT at their saturated vapor pressures .68 
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Figure 1.12. Average responses over 15 cycles of the array when exposed to nine VOCs.68 
 
Figure 1.13. Principal component analysis of the detection of nine analytes by the array.68 
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1.2.3 Acoustic Wave Sensors 
     Acoustic wave sensors are based on piezoelectric materials.69 In piezoelectric materials, a 
voltage or electric field can be generated by mechanical stress and therefore can be used for 
mass-sensitive signal transduction. Acoustic wave sensors can be divided into two types of 
sensors: quartz crystal microbalance (QCM) and surface acoustic wave sensors (SAW) (Figure 
1.14).69 An acoustic wave propagates throughout the bulk of quartz crystals in QCM sensors, but 
only a single wavelength penetrates into the crystal and travels on the surface for SAW sensor.   
 
Figure 1.14. Schematic diagram of TSM which is QCM and SAW sensors.69 
     Quartz crystal microbalances are also known as bulk acoustic wave sensors. A film on the 
sensor adsorbs the analyte, increasing in mass, which results in the decrease of the resonant 
frequency of a resonator.70 
∆f ൌ െ ௤݂
ଶܯ௙
ܰߩ௤ܵ ൌ െ
௤݂ଶ݉௙
ܰߩ௤  
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In this equation, fq is the fundamental resonant frequency of the quartz, Mf is the mass of the 
deposited film, S is the surface are of the film, ρ is the quartz density, and N is the frequency 
constant of the specific crystal cut. According to the equation, sensitivity of the sensor is 
proportional to the square of the frequency of the quartz.   
     QCM sensors have been developed for the detection of VOCs.71-73 QCMs are usually coated 
with a polymer or sol-gel film to interact with the analyte. Latif and co-workers developed 
titanate sol-gel layers with carbonic acid as sensitive layers on a QCM for the detection of 
VOCs.73 Titanate sol-gel layers provide chemical and thermal stability compared to polymer 
layers. Latif and co-workers generated the recognition sites in the material by adding a template 
as a starting material. The template is removed after polymerization to generate nanoscale 
cavities. They made four different titanate sol-gel layers by varying the starting precursor (e.g., 
tetrabutoxy titanium (TBT), tetrapropoxy titanium (TPT), and tetraethoxy titanium (TEOT)) or 
varying the procedure to remove the template (e.g., heating and washing). The QCM sensors 
were tested against different alcohols at 200 ppm and alkanes at 50 ppm (Figures 1.15 and 
1.16).73 QCM sensors with a titanate sol-gel layer from TBT exhibited the highest sensitivity all 
the sensors tried. 
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Figure 1.15. Responses of four different QCMs when exposed to three different alcohols at 200 
ppm.73 
 
 
Figure 1.16. Responses of two different QCMs when exposed to four different alkanes at 50 
ppm.73 
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     Surface acoustic wave (SAW) sensors also employ a mass-sensitive detection based on the 
resonance of a piezoelectric material which is identical to QCM. The difference between SAW 
and QCM, however, is that SAW depends on the surface wave transmissions.69 SAW sensors 
usually have two configurations: resonator and delay line configurations (Figure 1.14). A SAW 
resonator sensor has a signal electrode acting as both the transmitter and receiver. The same 
acoustic wave is reflected back to electrodes after interaction on the surface. A SAW delay line 
sensor has two electrodes where one acts as the transmitter and another acts as the receiver. The 
delay between two electrodes is determined by the delay of the wave. Compared to QCM sensors, 
SAW sensors have shown 5 to 10 times greater mass sensitivity. Bender and co-workers 
developed a SAW sensor array with a preconcentrator for monitoring indoor air quality.74 The 
sensor array consisted of eight different polymer coated SAW sensor with the preconcentrator 
which was made of the sorbent material. The sensor array was tested against benzene, toluene, 
ethylbenzene, and xylene (BTEX) at different concentrations (Figure 1.17).74 The response 
pattern of the array was analyzed by linear discriminant analysis (LDA) (Figure 1.18).74 
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Figure 1.17. Frequency shift of the SAW sensor when exposed to BTEX at different 
concentration.74 
 
Figure 1.18. Cluster analysis of BTEX data by LDA.74 
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1.2.4 Microcantilever Chemical Sensor 
     The microcantilever detection technique, which is based on mechanical transduction, is a 
promising method for the detection of gaseous analytes.75 An advantage of microcantilever 
sensors is that they can be used in air, a vacuum, or a liquid.76-77 Molecular adsorption of the 
analyte onto the sensing element causes shifts in its resonance frequency or the cantilever and 
changes in its surface forces. The frequency change induced by the analyte adsorption can be 
determined according to the equation 
∆݉ ൌ ܭ4ߨଶ݊ ቆ
1
ଶ݂ଶ
െ 1
ଵ݂ଶ
ቇ 
where ∆݉ is the mass loading on the cantilever, f1 is the initial frequency, f2 is the frequency 
after adsorption, n is an effective function (n = 0.2427 for rectangular cantilever), and K is the 
spring constant. 
     Microcantilever sensors have been used to detect various gaseous analytes.78-85 Loui and co-
workers reported a microcantilever sensor array coated with different polymers. The sensor 
device is shown in Figure 1.19.85 The vapor generation and experiment scheme are shown in 
Figure 1.20. The sensor was tested against eleven chemical vapors and two chemical warfare 
agents (VX and sulfur mustard). Principal component analysis (PCA) was used to perform 
clustering analysis of the data (Figure 1.21).85 Limits of detection (LOD) of the sensor array for 
thirteen analytes were estimated as shown in Table 1.5.85   
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Figure 1.19. Image of the sensor unit with (a) flow cell, (b) hose barb connection for supplying 
vapor, (c) analog circuit board, and (d) digital circuit board.85  
 
Figure 1.20. Experimental setup (a) gas mixing system and (b) data collection and processing.85 
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Figure 1.21. PCA of the sensor array response (1) water, (2) methanol, (3) isopropaonol, (4) 1,4-
dioxane, (5) toluene, (6) hexane, (7) benzene, (8) methylene chloride, (9) ethyl acetate, (10) 
acetone, (11) acetonitrile, (12) VX, and (13) sulfur mustard.85 
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Table 1.5. Limits of Detection for thirteen analytes.85 
 
1.2.5 Optical Sensor 
     Optical sensors consist of indicators which react with analytes.17-18 There are different 
transduction mechanisms: fluorescence intensity, absorbance, wavelength, reflectance, and color 
change.86-88 Optical sensors can employ diverse lighting sources and detectors. An optical fiber 
sensor which carries the light from the source to the sensitive indicator and returns the light to 
the detector utilizes the immobilization of an indicator on the fiber tip. Using different polymers 
or indicators can broaden the range of analytes an optical sensor can detect. Solvatochromic 
indicators, especially Nile Red, have been used for optical sensors to detect different kinds of 
vapors. The detection principle is based on the emission wavelength shift depending on local 
polarity change.  
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     Walt and his co-workers have developed an optical sensor array for the detection of different 
vapors.89-93 They have developed an optical sensor array by using Nile Red as an indicator with 
different types of polymer. Polarity, hydrophobicity, pore size, and swelling behavior can be 
changed depending on the polymer matrixes. The array is connected to a fluorescence 
microscope, light source, and CCD camera for detection of the analyte as shown in Figure 1.22.93 
The optical sensor with immobilized Nile Red in the polymer matrix was tested against benzene 
and methanol at their saturated vapor pressures (Figure 1.23).93 A change in the local polarity by 
exposure to the analytes induced spectral shifts of the solvatochromic dye. The increased polarity 
caused the solvatochormic dye to show a red-shifted spectrum. Two optical fibers with the 
solvatochormic dye in different polymer matrixes were tested against various gases at their 
saturated vapor concentrations. Distinct responses from two different sensors were obtained as 
shown in Figure 1.24.93 
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Figure 1.22. Schematic diagram of experimental setup.93 
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Figure 1.23. Spectral shift of Nile Red immobilized in polymer matrixes with changes in local 
polarity at their saturated vapor pressures.89 
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Figure 1.24. Responses of two different fibers to the selected analytes at their saturated vapor 
concentrations.93 
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     Colorimetric and luminescent changes of indicators have been studied for the detection of 
volatile organic compounds.94-96 The detection principle is based on the colorimetric and 
luminescent changes of the array before and after exposure to an analyte. Employing different 
kinds of indicators in the array can improve selectivity of the sensor. Maria and co-workers 
developed a microarray consisting of eighteen PtII terpyridyl chloride complexes having different 
ligand structures and counterions as vapochromic indicators (Figure 1.25).96 Changes in 
counterion size can induce different vaporchromic responses by perturbing the crystal lattice. 
The color and luminescence changes were measured by a flatbed scanner and UV lamp. The 
microarray was tested against nine different VOCs for 120 minutes. Different colorimetric and 
luminescent patterns were produced when the array was exposed to the VOCs as shown in 
Figure 1.26 and Figure 1.27.96 
 
Figure 1.25. Chemical structures of the PtII terpyridyl chloride complexes in the array.96 
32 
 
 
Figure 1.26. Colorimetric response patterns of the array when exposed to VOCs.96 
 
Figure 1.27. Luminescent response patterns of the array when exposed to VOCs.96 
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1.3 Conclusions 
     Many different techniques have been developed in the gas sensor area. Each method has its 
advantages but they are also limited by their range of analytes, limits of detection, and limits of 
sensor age. The Suslick group has been developing a colorimetric sensor technology which is 
portable, disposable, and inexpensive to overcome those limitations. The following tables 
(Tables 1.6 and 1.7) summarize the information on common gas sensors.8  
Table 1.6. Types, sensitive materials, detection principles of the common gas sensors.8 
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Table 1.7. Advantages and disadvantages of different types of the gas sensors.8 
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Chapter2: Determination and Identification of Indoor Pollutants 
2.1 Introduction 
     On average, we spend ~90% of our days inside a building; consequently, our exposure to 
indoor air pollution can have substantial effects on human health.1-6 Many indoor pollutants are 
implicated as carcinogens. Benzene, 1,3-butadiene, ethylene oxide, and formaldehyde are 
classified as especially pernicious carcinogens by the International Agency for Research on 
Cancer (IARC); trichloroethylene and tetrachloroethylene are classified as likely human 
carcinogens (i.e., Group 2A toxins), and acetaldehyde, ethylbenzene, and naphthalene are 
possible human carcinogens (Group 2B).7 In addition to carcinogenic effects, long-exposure 
even at low concentrations can cause respiratory distress and heart disease. Consequently, 
detection and identification of indoor air pollutants below their permissible exposure limits (PEL) 
is critical for personal health protection.  
     Current techniques for the detection of volatile toxins include GC/MS,8-9 ion mobility 
spectrometry (IMS),10 surface acoustic wave (SAW),11 and electronic nose technologies.12-20 
These methods are typically poor choices for the detection of indoor air pollutants because of 
their high cost, low portability, low sensitivity, low selectivity, lack of reproducibility, or 
interference from humidity. While some electronic nose techniques have found application to 
indoor pollutants, the range of pollutants, limits of detection and sensor aging have remained 
problematic.21-24 The development of an inexpensive, portable, and easy-to-use device for on-site 
detection of indoor pollutants remains a pressing need. 
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     The Suslick group has developed a disposable colorimetric sensor array methodology for use 
as an optoelectronic nose that has been applied successfully for the identification of a wide range 
of both gases/vapors and analytes in aqueous liquids.25-30 This array (Figure 2.1) is based on 
strong interactions between the analyte and a diverse set of chemically responsive colorants 
whose colors depend on local polarity, Brønsted acidity/basicity, Lewis acid-base interactions, 
and redox reactions. 
 
Figure 2.1. The colorimetric sensor array consisting of 36 different indicators (top). Examples of 
representative dyes (bottom). 
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      The array utilizes nanoporous pigments created from the immobilization of dyes in 
organically modified siloxanes (ormosils).31-32 Porous sol-gel glasses provide excellent matrices 
for colorants due to their high surface area, relative inertness, good stability, and optical 
transparency. The use of nanoporous pigments significantly improves the stability and shelf life 
of the colorimetric sensor arrays and permits direct printing onto nonpermeable polymer surfaces.  
These colorimetric sensor arrays, however, are extremely effective for detecting reactive species, 
they do not exhibit high sensitivity to less-reactive vapors. For example, common volatile 
organic compounds (e.g., aromatic hydrocarbons, chlorocarbons) which are commonly found 
indoor are not especially reactive and are difficult to detect at low concentration by our 
colorimetric sensor array. To improve the array response, a disposable pre-oxidation technique 
has been developed in which a vapor stream is passed through an oxidation tube in front of the 
array.33 Oxidation byproducts (e.g., carboxylic acids, phenols, aldehydes, etc.) are reactive 
species that can be easily detected. Since each analyte produces different kinds of oxidation 
byproducts, the array gives a unique signature for a wide range of VOCs. Here, the application of 
colorimetric sensor array technology to the identification and discrimination of the most 
commonly found indoor pollutants is reported at various concentrations, including their 
immediately dangerous to life or health (IDLH), permissible exposure limit (PEL), and 20% of 
the PEL concentrations. 
2.2 Experimental  
     All reagents were analytical-reagent grade, obtained from Sigma-Aldrich, and used without 
further purification unless otherwise specified. The silica used was Davisil 636, 250-500 m, 
pore size 6.0 nm, surface area 480 m2/g. Certified, premixed gas tanks, including ammonia, 1,3-
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butadiene, carbon dioxide, ethylene oxide, hydrogen sulfide, nitrogen dioxide, and sulfur dioxide 
were obtained from Matheson Tri-Gas Corp. through S. J. Smith, Co. (Urbana, IL). Ozone was 
prepared using a photometric ozone calibrator (Advanced Pollution Instrumentation, Inc., Model 
401) connected to a compressed air tank as the oxygen source. 
     For printing of the colorimetric sensor arrays, sol-gel formulations which contain chemo-
responsive indicators (Table 2.1) were prepared. The formulations were achieved by the 
hydrolysis of silane precursors (e.g., tetraethoxysilane, methyltriethoxysilane, 
phenethyltrimethoxysilane, and octyltriethoxysilane) with an acidic catalyst. After hydrolysis, 
the resulting solutions were added to the selected indicators, and then loaded into a 36-hole 
Teflon® inkwell. A robotic pin printer (Nanoprint Microarray Printer, Arraylt Co., Mountain 
View, CA) (Figure 2.2) was used to print the dyes by dipping slotted pins into the inkwell and 
transferring the solutions (120 nL) to a polyethylene terephthalate (PET) film. After printing, the 
arrays were aged under nitrogen for at least three days prior to any experiment. Finally, each 
array was cut to fit into a custom made sensor cartridge.  
 
Figure 2.2. Nanoprint Microarray Printer, Arraylt Co., Mountain View, CA 
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Table 2.1. List of Indicators. 
Name mg
1 ZnTPP 6.0
2 ZnTMP 4.0
3 ZnF5PP 6.0
4 CoTMP 6.0
5 CdTPP 5.0
6 CrTPPCl 6.0
7 Bromophenol Blue + TBAH 4.0/50 uL (TBAH)
8 Methyl Red + TBAH 4.0/50 uL (TBAH)
9 Chlorophenol Red + TBAH 4.0/50 uL (TBAH)
10 Nitrazine Yellow + TBAH 4.0/50 uL (TBAH)
11 Bromothymol Blue + TBAH 4.0/50 uL (TBAH)
12 Thymol Blue + TBAH 4.0/50 uL (TBAH)
13 m-Cresol Purple + TBAH 2.0/50 uL (TBAH)
14 ZnOAc2 + m-Cresol Purple + TBAH + 1,2-dichlorobenzne (200 uL) 20/4/50 uL (TBAH)
15 HgCl2 + Bromophenol Blue + TBAH 5.0/4.0/50 uL (TBAH)
16 HgCl2 + Bromocresol Green + TBAH 5.0/4.0/50 uL (TBAH)
17 Pb(OAc)2 + 200 uL of 2-MeOEtOH + 200 uL of diClBz + 600 uL of the formulatio 15
18 Ethanone, 1-[4-[[4-(dimethylamino)phenyl]azo]phenyl]-2,2,2-trifluoro- + TsOH 2/10 uL (TsOH)
19 -Naphthyl Red + TsOH 4/20 uL (TsOH)
20 Tetraiodophenolsulfonephthalein 4.0
21 Fluorescein 2.0
22 Bromocresol Green 4.0
23 Methyl Red 4.0
24 Bromocresol Purple 4.0
25 Bromophenol Red 4.0
26 Rosolic Acid 4.0
27 Bromopyrogallol Red 2.0
28 Pyrocatechol Violet 4.0
29 Nile Red 0.5
30 Disperse Orange  #25 2.0
31 4-(4-Nitrobenzyl)pyridine + N-Benzylaniline 20/10
32 Pyrylium, 4-[2-[4-(dimethylamino)phenyl]ethenyl]-2,6-dimethyl-, tetrafluoroborate 2.0
33 LiNO3 + Cresol Red 15/4
34 Acridine Orange Base 2.0
35 AgNO3 + Bromophenol Blue 5.0/2.0
36 AgNO3 + Bromocresol Green 5.0/2.0    
TBAH: 1.0 M tetrabutylammonium hydroxide in 2-methoxyethanol. 
TsOH: 1.0 M p-toluenesulfonic acid in 2-methoxyethanol. 
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The chromic acid on silica was made by mixing silica gel (10.0 g), Na2Cr2O7 (4.0 g), 98% 
H2SO4 (2.5 mL), and H2O (10.0 mL); the wt. % Cr in the resulting chromic acid on silica is 22%.  
Water was removed under vacuum at 60 °C for an hour. The resulting gel was further dried by 
flowing dry nitrogen overnight. 30 mg of the chromic acid (22 wt. % Cr) was packed into a 
Teflon tube. 
The analyte line was produced by mixing a gas stream of the analyte with dry nitrogen and 
wet nitrogen using MKS digital mass flow controllers (Figure 2.3). MKS digital mass flow 
controllers were used to adjust the wet/dry N2 flow rate to achieve the desired concentrations at 
50% relative humidity (RH). The response of the colorimetric sensor arrays is essentially an 
equilibrium response and is therefore not generally dependent (after equilibration) on flow rate 
or dose. Slower flow rates, of course, require longer equilibration times. For all data used in 
these studies, the flow rate was 500 sccm and fully equilibrated responses were taken after 5 
minutes of exposure to the analyte flow. The final concentrations were confirmed with a MKS 
FTIR multi-gas analyzer. For liquids, the analyte vapor streams were produced by bubbling dry 
nitrogen through the corresponding pure compound (Figure 2.4). The vapors of solid analytes 
were generated from flowing dry nitrogen through a glass tube (~20 cm long) filled with the 
corresponding compound. 
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Figure 2.3. Experimental setup for exposure of colorimetric sensor arrays with pre-oxidation. 
The experiments of direct responses to indoor pollutants were carried out similarly but without 
the pre-oxidation tube. MFC = mass flow controller. 
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Figure 2.4. Experimental setup for exposure of colorimetric sensor arrays with pre-oxidation. 
The analyte vapor streams were produced by bubbling dry nitrogen through the corresponding 
liquid. The experiments of direct responses to indoor pollutants were carried out similarly but 
without the pre-oxidation tube. MFC = mass flow controller. 
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     For all sensing experiments, the arrays were imaged on an ordinary flatbed scanner (Epson 
Perfection V200); the before exposure image was acquired after 2min of 50% RH N2 at a flow 
rate of 500 sccm, and after-exposure images were acquired with full equilibration after five 
minutes of exposure to the pre-determined analyte vapor concentrations at a flow rate of 500 
sccm. Difference maps were obtained by taking the difference of the red, green, and blue (RGB) 
values from the center of every colorant spot (~300 pixels) from the “before” and “after” images 
(Figure 2.5); all difference maps shown here are averages of multiple trials. Digitization of the 
color differences can be performed using Adobe PhotoshopTM or with a customized software 
package, ChemEyeTM (Chemsensing Inc., Champaign, IL). The chemometric analysis was 
carried out on the color difference vectors using the Multi-Variate Statistical PackageTM (MVSP 
v.3.1, Kovach Computing); in all cases, minimum variance (i.e., “Ward’s Method”) was used for 
the hierarchical cluster analysis (HCA). 
 
Figure 2.5. Difference map obtained by taking the difference of the red, green, and blue values 
from the “before” and “after” images exposed to ammonia at its IDLH level at 298K and 50% 
RH. 
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2.3 Detection of Indoor Pollutants  
     24 representative indoor pollutants that are highly toxic and commonly found in indoor 
environments were chosen (Table 2.2).34-37 Using an array of chemically responsive pigments 
with the pre-oxidation method, various concentrations (IDLH, PEL, and 20% of PEL), 
reproducibility, humidity influence, and shelf life were tested. 
Table 2.2. List of 24 indoor pollutants. 
 
                               IDLH and PEL of d-limonene are unknown; we have instead used 5%  
                                     and 1% of its saturated vapor pressure to approximate. 
Analyte IDLH (ppm) PEL (ppm) 
Acetaldehyde 700 350
Acrolein 2 0.1
Ammonia 300 50
Benzene* 500 1
1,3-Butadiene 2000 1000 
Carbon dioxide 40000 5000
Ethylbenzene* 800 100
Ethylene oxide   800 1
Formaldehyde   20 0.75
Hydrogen sulfide  100 20
d-Limonene 130 26
Naphthalene 250 10
Nicotine 0.75 0.075
Nitrogen dioxide 20 5
Ozone 5 0.1
Phenol 250 5
Pyridine 1000 5
Tetrachloro ethylene 150 100
Trichloro ethylene 1000 100
Sulfur dioxide 100 5
Toluene* 500 200
m-Xylene* 900 100
o-Xylene* 900 100
p-Xylene* 900 100
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2.3.1. Detection of Indoor Pollutants at IDLH 
     The colorimetric sensor array was tested to detect and identify the pollutants at their IDLH 
concentrations. First, the original array (no pre-oxidation tube) was exposed to the pollutants to 
see whether it showed response to the pollutants or not (Figure 2.6). Several reactive indoor air 
pollutants (acetaldehyde, ammonia, carbon dioxide, hydrogen, sulfide, nicotine, nitrogen dioxide, 
ozone, phenol, pyridine, trichloro ethylene, and sulfur dioxide) were successfully detected. 
However, relatively inert aromatic compounds such as benzene, toluene, ethylbenzene, and 
xylene (BTEX) were difficult to detect using only the array. Other analytes, such as 1,3-
butadiene, acrolein, and formaldehyde, also did not lead to any color change. 
 
Figure 2.6. Color difference maps for pollutants at their IDLH concentrations and a control after 
5 min of exposure. For display purposes, the color range of these difference maps is expanded 
from 3 to 8 bits per color (RGB range 3-10 expanded to 0-255). All experiments were run in 
quintuplicate. The IDLH for ozone is actually 5 ppm, but for experimental reasons, our 
maximum achievable concentration is 0.75 ppm. 
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     As demonstrated above, our current array is not sensitive to several indoor air pollutants. 
BTEX have previously been detected using a colorimetric technique by oxidizing the analytes 
using sodium dichromate or iodine pentoxide.38-40 Printing a strong oxidizing agent on the PET 
film would be difficult, since the strong oxidant would oxidize a sol-gel or polymer formulation 
immediately. Therefore, a pre-oxidation tube was made instead and attached to the array. 
Byproducts from the oxidation reaction between the oxidizing agent and analyte can be used to 
identify the pollutant. Different oxidizing agents (potassium permanganate, iodine pentoxide, 
sodium dichromate, and cerium sulfate) were examined. The optimum array response occurred 
with the chromic acid pre-oxidation tube. For further optimization, differing amounts of the 
chromic acid loaded on silica were tested with various gases (Figure 2.7). A range of 10 mg to 40 
mg was put in the Teflon tube. For toluene and o-xylene, response intensity improved as amount 
of chromic acids increased. However, response intensity to acrolein and formaldehyde dropped 
at 40 mg due to adsorption of the byproducts on the silica. Overall, 30 mg of chromic acid loaded 
on alumina exhibited optimal response. The representative difference maps of the pollutants with 
the optimized pre-oxidation tube are shown in Figure 2.8. 
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Figure 2.7. Influence of amount of the chromic acid loaded on silica in the pre-oxidation 
tube. Each trial was exposed to the analyte for 5 minutes. All experiments were run in triplicate. 
Total Euclidian distance indicates response intensity. 
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Figure 2.8. Color difference maps for pollutants at their IDLH concentrations and a control after 
5 min of exposure using a pre-oxidation tube (30 mg of chromic acid on silica (22 wt. % Cr)). 
For display purposes, the color range of these difference maps is expanded from 3 to 8 bits per 
color (RGB range 3-10 expanded to 0-255). All experiments were run in quintuplicate. The 
IDLH for ozone is actually 5 ppm, but for experimental reasons, our maximum achievable 
concentration is 0.75 ppm. 
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     The pattern of the array response permits facile detection and identification among all 24 
pollutants and a control, as shown in Figure 2.8. For quantitative analysis of the color changes of 
the array, we can define a 108-dimensional vector (i.e., 36 changes in red, green, and blue values) 
and the vector for each trial can be compared and classified by chemometric techniques. We 
prefer the use of a standard chemometric approach, hierarchical cluster analysis (HCA), which is 
based on the grouping of analyte vectors according to their Euclidean distances from one another 
in their full vector space.41-42 HCA is advantages since it is model-free and uses full 
dimensionality of the data. As shown in Figure 2.9, HCA generates a dendrogram showing the 
clustering of the array response data in the 108-dimensional vector space. In quintuplicate trials 
using the pre-oxidation technique, all 24 pollutants and a control were accurately classified at 
their IDLH concentrations without errors out of 125 trials.  
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Figure 2.9. Hierarchical cluster analysis for 24 selected pollutants at their IDLH concentrations 
and a control. The pre-oxidation tube contained 30 mg of chromic acid on silica (22wt % Cr). All 
experiments were run in quintuplicate; no confusions or errors in classification were observed in 
125 trials. 
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     The detection of BTEX is especially interesting since it is notoriously difficult to detect and 
discriminate using other sensors. To rule out the possibility that the discrimination among BTEX 
derives from their concentration differences, sensing experiments were performed over a wide 
range of concentrations: IDLH, PEL, 20% PEL, and also each at 500 ppm. There were no 
misclassifications among BTEX and the control (Figure 2.10). Even the different structural 
isomers of xylene (ortho, meta, and para) were distinguished. The discrimination was 
rationalized by determining the oxidation products using an FTIR-multi gas analyzer (Table 2.3). 
The analysis showed that carbon monoxide, carbon dioxide, and acetic acid were the major 
oxidation byproducts, and that benzaldehyde, formic acid, and phenol were among the minor 
species. Each analyte produced different kinds of complex partially oxidized byproducts. It is the 
differences in these complex mixtures that permit the sensor array to discriminate among these 
otherwise similar analytes. 
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Table 2.3. Partial oxidation byproducts created by the pre-oxidation of BTEX pollutants. 
                  Products    
 
 
Analyte  
Acetic acid 
   (nmol) 
Acrylic acid
   (nmol) 
Benzaldehyde
(nmol) 
CO 
(nmol) 
CO2 
(nmol) 
Formic acid 
(nmol) 
Phenol 
(nmol) 
Benzene 2.3(5) <0.10 <0.1 1.6(3) 1.9(4) <0.1 <0.1 
Toluene 12(4) <0.10 2.0(3) 1.0(1) 45(2) 3.3(9) <0.1 
Ethylbenzene 4.7(3) 4.2(4) <0.1 4.5(6) 170(2) 6.4(7) 5.5(7) 
m-Xylene 51(3) <0.10 2.7(6) 3.5(2) 110(1) 21(2) <0.1 
o-Xylene 39(4) <0.10 3.3(5) 3.4(1) 110(1) 15(1) 2.0(2) 
p-Xylene 39(3) <0.10 1.7(1) 2.1(3) 45(5) 10(2) 1.7(2) 
Analysis of partial oxidation byproducts of benzene, toluene, ethylbenzene, and xylene (BTEX) at 500 ppm was performed by 
FT-IR multi gas analyzer. Total 5600 nmol of BTEX gas streams for 5 minutes passed the pre-oxidation tube to produce partial 
oxidation byproducts. All the measurements were run in triplicate. Parentheses next to amount of partial oxidation byproducts 
mean standard deviations for three trials.  
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Figure 2.10. Hierarchical cluster analysis for BTEX (benzene, toluene, ethylbenzene, xylenes) at 
various concentrations (IDLH, PEL, 20% of PEL, and 500 ppm) and a control. All experiments 
were run in quintuplicate with 30 mg chromic acid on silica (22wt% Cr) as the pre-oxidation 
reagent; no confusions or errors in classification were observed in 110 trials 
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2.3.2. Detection of Indoor Pollutants at PEL and 20% PEL 
     The colorimetric sensor array was used to detect and identify the pollutants at their PEL and 
20% PEL concentrations. Difference maps at PEL concentrations are shown in Figure 2.11. To 
our initial surprise, ammonia, nicotine, and pyridine give stronger array responses without a pre-
oxidation tube as shown in Figure 2.11. The weakened response is due to reaction and retention 
of these bases with the acidic pre-oxidation tube packing. 
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Figure 2.11. Color change profiles of the 24 representative indoor pollutants and at their PEL 
concentrations using pre-oxidation and a control; left difference map of each pair is without pre-
oxidation and right difference map is with pre-oxidation. For display purposes, the color range of 
these difference maps is expanded from 3 to 8 bits per color (RGB range 3-10 expanded to 0-
255). All experiments were run in quintuplicate. 
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     In quintuplicate trials using the pre-oxidation technique, all 24 pollutants and a control, with 
exception of nicotine (which is strongly adsorbed on the pre-oxidation tube), were accurately 
classified at their PEL concentrations without errors out of 125 trials (Figure 2.12). Nicotine was 
distinguishable easily without pre-oxidation. 
 
Figure 2.12. Hierarchical cluster analysis for 24 selected pollutants at their PEL concentrations 
and a control. The pre-oxidation tube contained 30 mg of chromic acid on silica (22 wt % Cr). 
All experiments were run in quintuplicate; no confusions or errors in classification except 
nicotine were observed in 125 trials. 
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     Due to the importance of detecting indoor pollutants at even lower concentrations, 16 analytes 
were chosen for further testing at 20% of their PEL of concentrations. Difference maps at 20% 
PEL concentrations are shown in Figure 2.13. 16 pollutants and a control, each with 
quintuplicate trials, were accurately classified at their 20% PEL concentrations without errors out 
of 85 trials (Figure 2.14). 
 
Figure 2.13. Color difference maps at their 20% PEL concentrations and a control after 5 min of 
exposure using a pre-oxidation tube (30 mg of chromic acid on silica (22 wt. % Cr)). For 
purposes of visualization, the color range of these difference maps is expanded from 3 to 8 bits 
per color (RGB range of 3-10 expanded to 0-255). All experiments were run in quintuplicate.  
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Figure 2.14. Hierarchical cluster analysis for 16 selected pollutants at 20% of their PEL 
concentrations and a control. The pre-oxidation tube contained 30 mg of chromic acid on silica 
(22 wt % Cr). All experiments were run in quintuplicate; no confusions or errors in classification 
were observed in 85 trials. 
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      Different types of interactions between the array and pre-oxidation products permit the 
successful discrimination of each analyte against other analytes. As examples: Sulfur containing 
analytes (e.g., hydrogen sulfide and sulfur dioxide) form complexes with sensor spots containing 
metal ions, which induce color changes. Basic analytes (e.g., ammonia, pyridine, nicotine) 
induce color changes of the base-sensitive pH indicators, but also can bind as Lewis bases to the 
metalloporphyrins. Polar analytes will affect the colors of the solvatochromic/vapochromic dyes 
in the array. Strongly oxidizing byproducts will react with redox indicators, and so on. Each of 
the pollutants reacts with the pre-oxidation tube producing a different complex mixture of 
partially oxidized byproducts. The different constituents of these complex mixtures produce the 
distinct color change profiles observed, most heavily from the acid-sensitive pH indicators. We 
emphasize, however, that the discrimination among pollutants is not from any single byproduct 
with any single sensor spot: it is the overall pattern of the reaction of the complex mixture of 
partially oxidized byproducts with the entire sensor array that permits identification and semi-
quantitative analysis of the pollutants. 
     The ability of the colorimetric sensor array to discriminate among many analytes is largely 
due to the extremely high dimensionality of the colorimetric sensor array data. Principal 
component analysis (PCA) can be used to determine the number of meaningful independent 
dimensions. PCA generates optimized eigenvectors for each principal component by the linear 
combination of the response of each sensor parameter so as to maximize the amount of variance 
in the fewest possible principal components. Based on the 125 trials of 24 pollutants at IDLH 
and a control, the PCA of our colorimetric sensor array requires 10 dimensions to capture 90% of 
total variance and 16 dimensions for 95% (Figure 2.15). For the 125 trials of 24 pollutants at 
PEL and a control, the PCA indicates that colorimetric sensor array needs 24 dimensions for 90% 
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of total variance and 34 dimensions for 95% (Figure 2.16). This high dispersion is due to the 
wide range of chemical-property space probed by the chemically responsive pigments that make 
up the sensor array. Thus different analytes can be separated easily over the high dimensional 
space being probed by the sensor array. In this same fashion, the sensor array permits facile 
discrimination among the complex mixtures of partial oxidation products generated using our 
pre-oxidation technique. 
 
Figure 2.15. Scree plot of the principal components from PCA of 125 trials for 24 indoor 
pollutants at their IDLH and a control. The colorimetric sensor array has an extraordinary high 
level of dispersion: 10 dimensions are required to capture 90% of the total variance, 16 
dimensions for 95%. 
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Figure 2.16. Scree plot of the principal components from PCA of 125 trials for 24 indoor 
pollutants at their PEL and a control. The colorimetric sensor array has an extraordinary high 
level of dispersion: 24 dimensions are required to capture 90% of the total variance, 34 
dimensions for 95%. 
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2.3.3. Influence of Relative Humidity      
     In real world situations, changes in humidity are highly problematic for other electronic nose 
technologies. The sol-gel formulations used in our optoelectronic nose are hydrophobic and 
therefore the array response is essentially impervious to changes in relative humidity (RH). 
Using 50% relative humidity as a control, arrays were exposed to various humidity levels. No 
significant response to humidity was observed from 10% to 90% RH either with or without the 
pre-oxidation tube (Figure 2.17). The effect of humidity on the array response with pre-oxidation 
was also evaluated; e.g., o-xylene at different RHs is still readily discriminated from other 
closely related aromatic hydrocarbons at their IDLH concentrations (Figure 2.18). Thus, changes 
in humidity do not generally affect the response of our sensor arrays to analytes. 
 
Figure 2.17. The colorimetric sensor array is unaffected by changes in humidity, either with or 
without pre-oxidation (30 mg chromic acid loaded silica gel as pre-oxidation reagent). There is 
essentially no response to variations in relative humidity (RH) from 10% to 90%. For purposes 
of visualization, the color range of these difference maps is expanded from 3 to 8 bits per color 
(RGB range of 3-10 expanded to 0-255). 
69 
 
 
Figure 2.18. Hierarchical cluster analysis for o-xylene at different relative humidities (10% 
through 90% RH, all at room temperature) compared to other closely related aromatic 
hydrocarbons (i.e., BTEX components), all at their IDLH concentrations. As shown, changes in 
relative humidity do not lead to confusion between o-xylene and even m- or p-xylenes. 
 
2.3.4. Reproducibility and Shelf-life  
     The reproducibility and shelf-life of the pre-oxidation method were tested. Batch to batch 
preparations of the pre-oxidation reagent is highly reproducible (Figure 2.19): three separately 
prepared batches gave almost identical results in separate tests of toluene and p-xylene, which 
were discriminated from other aromatic analytes at changes in the array response as the pre-
oxidation reagent ages over a two month period (Figure 2.20). 
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Figure 2.19. Reproducibility of chromic acid on silica as a pre-oxidation reagent. (a) Digital 
color difference maps of toluene and p-xylene (after 5 min exposure) at their IDLH with three 
separately prepared batches of chromic acid on silica. For display purposes, the color range of 
these difference maps is expanded from 3 to 8 bits per color (RGB range of 3-10 expanded to 0-
255). (b) Hierarchical cluster analysis for the responses of toluene and p-xylene with three 
separately prepared batches of chromic acid on silica as the pre-oxidation reagent; each batch of 
chromic acid was tested in triplicate using p-xylene, and compared with the array responses in 
quintuplicate of benzene, ethylbenzene, o-xylene, and m-xylene (all at their IDLH) and a control 
of N2. 
Squared Euclidean / 1000
20016012080400
p-Xylene Batch 11
p-Xylene Batch 12
p-Xylene Batch 13
p-Xylene Batch 21
p-Xylene Batch 22
p-Xylene Batch 23
p-Xylene Batch 33
p-Xylene Batch 32
p-Xylene Batch 31
o-Xylene 1
o-Xylene 3
o-Xylene 5
o-Xylene 4
o-Xylene 2
m-Xylene 1
m-Xylene 4
m-Xylene 3
Benzene 1
Benzene 2
Benzene 4
Benzene 3
Benzene 5
Ethylbenzene 1
Ethylbenzene 2
Ethylbenzene 3
Ethylbenzene 4
Ethylbenzene 5
Toluene Batch 21
Toluene Batch 23
Toluene Batch 11
Toluene Batch 12
Toluene Batch 13
Toluene Batch 22
Toluene Batch 33
Toluene Batch 32
Toluene Batch 31
Control 1
Control 4
Control 5
Control 3
Control 2
m-Xylene 2
m-Xylene 5
b
71 
 
 
 
Figure 2.20. Shelf-life stability of chromic acid on silica as a pre-oxidation reagent. (a) Digital 
color difference maps of p-xylene (after 5 min exposure) at its IDLH after pre-oxidation using 
the same batch of chromic acid on silica as it was aged. Initial pre-oxidation reagent was dried 
for 3 days before use; the aged oxidation reagents were stored under N2 for 1 and 2 months. For 
display purposes, the color range of these difference maps is expanded from 3 to 8 bits per color 
(RGB range of 3-10 expanded to 0-255); (b) Hierarchical cluster analysis for the responses of p-
xylene after pre-oxidation using the same batch of chromic acid on silica as it was aged (as 
before); triplicate trials of p-xylene were compared with the array responses in quintuplicate of 
benzene, ethylbenzene, o-xylene, and m-xylene (all at their IDLH) and a control of N2. 
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2.3.5. Determination of the Limit of Detection and Limit of Recognition 
     We can estimate the limit of detection (LOD) for each pollutant by extrapolating from the 
observed array response at their respective PELs. We define a conservative LOD for our array 
response as the analyte concentration needed to give three times the S/N vs. background for the 
sum of the three largest responses among the 108 color changes. Table 2.4 lists our estimated 
LODs based on the array’s response to PEL exposure for five minutes. With only one exception 
(nicotine), the LODs for all of the analytes are well below the PEL concentrations. Nicotine is 
the sole problematic analyte: because it is absorbed on the pre-oxidation packing, the sensor 
array’s sensitivity to nicotine is better without the pre-oxidation technique: the LOD for nicotine 
without pre-oxidation is 27% of the PEL concentration whereas with pre-oxidation it is four 
times the PEL. The average LODs over all of the analytes (excluding nicotine) is 3.5% of the 
PEL concentration. The improvement in sensitivity for these 24 pollutants due to the use of the 
pre-oxidation technique is ~190-fold (Table 2.4).  
     For any analytical technique, a limit of detection only indicates the concentration at which the 
sensor first responds to an analyte (at three times the background S/N), but this does not 
necessarily indicate a capability to discriminate among analytes. The limit of recognition (LOR) 
is a less well-defined parameter that depends upon the library of analytes among which one 
wishes to differentiate. Due to the importance of detecting and discriminating indoor pollutants 
at even lower concentrations than the PEL, 16 analytes were chosen for further testing at 
concentrations equal to 20% of their PELs. As shown in Figure 2.13 and 2.14, accurate 
discrimination was observed using simple HCA, with no errors out of 85 trials (each analyte was 
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done in quintuplicate). The LOR of our sensor array for these 16 analytes is well below 20% of 
their PEL concentrations. 
Table 2.4. PEL and LODs of 24 commonly found indoor pollutants 
VOCs PEL ppm 
LOD LOD LOD(without pre-oxidation)/ 
LOD(with pre-oxidation) (without pre-oxidation) ppm 
(with pre-oxidation)
ppm %PEL 
Acetaldehyde 
Acrolein 
Ammonia 
350 
        0.1 
50 
7 
500 
0.05 
0.20 0.1%
0.001 1% 
0.20 0.4%
35 
500,000 
                  0.3 
Benzene 1 5000 0.08 8% 62,500 
1,3-Butadiene 1000 2000 4.0  0.4% 500 
Carbon dioxide 5000 700 70  14% 10 
Ethylbenzene 100 1000 0.60 0.6% 1700 
Ethylene oxide 1 130 0.10 10% 1300 
Formaldehyde           0.75 50 0.03 4% 1700 
Hydrogen sulfide 20 0.005 0.05 0.3%                   0.1 
d-Limonene* 26 100 0.30 1% 330 
Naphthalene 10 100 0.50 5% 200 
Nicotine             0.075 0.02 0.30 400%                    0.07 
Nitrogen dioxide 5 0.02 0.02 0.4%    1 
Ozone         0.1 0.01 0.02 20%                    0.5 
Phenol 
Pyridine 
Tetrachloro ethylene 
5 
5 
100 
0.03 
0.03 
200 
0.70 14% 
0.40 8% 
0.80 0.8%
                   0.04 
                   0.08 
250 
Trichloro ethylene 100 8 2.0  2% 4 
Sulfur dioxide 5 0.01 0.08 2%                               0.1 
Toluene 200 800 0.30 0.2% 2700 
m-Xylene 100 1000 0.40 0.4% 2500 
o-Xylene 100 1000 0.50 0.5% 2000 
p-Xylene 100 950 0.50 0.5% 1900 
Average of 24 pollutants    190 
* PEL of d-limonene is unknown; we have instead used 1% of their saturated vapor pressure to approximate its PEL. 
 
2.4 Conclusions 
     A simple, disposable colorimetric sensor array with a pre-oxidation technique that is capable 
of rapid and sensitive detection of a wide range of indoor pollutants has been created. 
Classification analysis reveals that the colorimetric sensor array has an extremely high 
dimensionality with the consequent ability to discriminate among a large number of pollutants 
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over a wide range of concentrations. The sensor array can discriminate without error among 24 
indoor pollutants at their permissible exposure levels. The array with the pre-oxidation has 
shown excellent performance in the presence of humidity, shelf-life, and reproducibility.  
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Chapter3: Determination and Identification of Different Alcohols. 
3.1 Introduction 
     Alcohols have received recent attention as possible alternatives to fossil fuels, which have the 
limited reservoirs.1 Ethanol, which is an attractive alternative due to its renewability based on bio 
resources is heavily blended in gasoline (e.g., E85) but is corrosive to gas tanks, which can cause 
leaks.1,2 Methanol blending with gasoline is also available but is even more corrosive than 
ethanol.3 Methanol is also actively studied in fuel cells.4 i-Propanol is a major additive in 
gasoline to solubilize water, which causes problems by freezing in the supply lines at low 
temperatures.5 i-Propanol is also used as a rocket fuel.6 Ethylene glycol has long been used as a 
coolant for automobiles (antifreeze). The increasing use of these alcohols may result in more 
human exposure to these alcohol vapors. Exposure to alcohols can cause nausea, headaches, and 
irritation as short term effects.7-8 Long term exposure can cause metabolic syndromes and 
diseases related nervous system or cardiovascular system.8-9 Consequently, detection and 
identification of different alcohols is critical for personal health protection and the application of 
alcohols as fuels.    
     There are a number of standard analytical techniques, such as GC, GC-MS, or IMS, already 
available for the detection of gas-phase alcohols. Each of these suffers from high cost, low 
portability, or poor selectivity.10-12 Various electronic nose techniques have been developed for 
the detection of alcohols.13-21 Nanostructures of semiconducting metal oxides (e.g., ZnSnO3 and 
V2O5,) have been reported for the detection of ethanol.22-23 Generally metal oxides sensors have 
inherent problems with interference from other gases and humidity. A quartz crystal 
microbalance with a novel polymer coating has been developed for the detection of alcohols (e.g., 
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1-butanol and ethanol), however, low sensitivity and humidity interferences are problematic.24-25 
Conducting polymers which change conductivity upon interaction with analytes have been 
applied for the detection of various gases. Recently, methanol detection by a polypyrrole thin 
film fiber optic was reported, exhibiting a 1 ppm detection limit, but interference from humidity 
still limited its application.26 These electronic nose devices still fall short of practical viability 
due to their inherent limitations. The development of a sensitive, selective, and portable sensor is 
necessary for the detection of alcohols.  
     Our group has developed a disposable sensor array of chemically responsive dyes, which we 
have successfully applied to the detection of different kinds of gases and vapors.27-32 This array 
exploits strong interactions between the analyte and the diverse set of chemically responsive 
dyes. The selected chemically responsive dyes fall into four classes (Figure 3.1): (1) dyes 
containing metal ions (e.g., metalloporphyrins) that respond to Lewis basicity (that is, electron-
pair donation, metal ion ligation), (2) pH indicators that respond to Brønsted acidity/basicity 
(that is, proton acidity and hydrogen bonding), (3) dyes with large permanent dipoles (e.g., 
vapochromic or solvatochromic dyes) that respond to local polarity, and (4) metal salts that 
respond to redox reactions and to precipitation reactions. This sensor array, therefore, responds 
to the chemical reactivity of analytes, rather than the secondary physical properties of analytes 
(e.g., mass, adsorption, effects on conductivity, etc.). The sensor array makes use of both weak 
and strong interactions between the analyte and the sensor dyes. A list of the colorant indicators 
in the array is given in Table 3.1. The chemically responsive nanoporous pigments are 
immobilized in organically modified siloxanes (ormosils), which provides high surface area, 
relative inertness, optical transparency, and good stability over a wide pH range.33-34  
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Figure 3.1. The colorimetric sensor array consisting of 36 different indicators. 
 
     We have recently improved our array methodology by the use of a pre-oxidation technique.35 
A disposable pre-oxidation tube containing 30 mg of chromic acid on silica microparticles has 
been developed. Analyte vapors are streamed through an oxidation tube in front of the array. 
And our colorimetric sensor array can easily detect the partially oxidized byproducts. Our array 
with a pre-oxidation method has shown excellent sensitivity and selectivity towards volatile 
organic compounds (VOCs) and indoor pollutants. However, as we have shown in our previous 
studies, the detection of alcohols (e.g., ethanol, methanol, and phenol) with the pre-oxidation 
tube has not shown excellent sensitivity compared to other VOCs. For example, the array is less 
sensitive for the detection of phenol with the pre-oxidation tube than without the pre-oxidation 
tube (Figure 3.2). The problem of detecting alcohols with the pre-oxidation method is that 
alcohols adsorb to silica via hydrogen bonding.36-38 Alcohols or their oxidation byproducts 
adsorption on the surface of silica decreased the sensitivity for detection of alcohols. We report 
here a dramatic improvement in the sensitivity of colorimetric sensor technology for the 
identification and discrimination of different kinds of alcohols.  
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Figure 3.2. Color difference maps of phenol at its PEL concentration after 5 min of exposure. 
Left: difference map without pre-oxidation and Right: difference map with pre-oxidation. For 
display purposes, the color range of these difference maps is expanded from 4 to 8 bits per color 
(RGB range 4-19 expanded to 0-255). All experiments were run in quintuplicate.  
 
3.2 Experimental  
     All reagents were analytical-reagent grade, obtained from Sigma-Aldrich, and used without 
further purification unless otherwise specified. Silica (Davisil 636, 250-500 m, pore size 6.0 nm, 
surface area 480 m2/g), fumed silica, glass sphere, pumice particle, sand, and aluminum oxide 
(activated, neutral, Brockmann I, surface area 155 m2/g) were used as supporting materials to 
load chromic acid.   
     For the printing of the colorimetric sensor arrays, sol-gel formulations containing chemo-
responsive indicators (Table 3.1) were prepared. The formulations were achieved by the acid-
catalyzed hydrolysis of silane precursors (e.g., tetraethoxysilane, methyltriethoxysilane, 
phenethyltrimethoxysilane, and octyltriethoxysilane). After hydrolysis, the resulting solutions 
were added to the selected indicators, and then loaded into a 36-hole Teflon® inkwell. A robotic 
pin printer (Nanoprint Microarray Printer, Arraylt Co., Mountain View, CA) (Figure 3.3) was 
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used to print the formulation by dipping slotted pins into the inkwell and transferring the 
formulations (120 nL) to a polyethylene terephthalate (PET) film. After printing, the arrays were 
aged under nitrogen for at least three days prior to any experiment. Finally, the arrays were cut to 
fit into a custom made sensor cartridge.  
 
Figure 3.3. Nanoprint Microarray Printer, Arraylt Co., Mountain View, CA 
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Table 3.1. List of Indicators. 
Name mg
1 ZnTPP 6.0
2 ZnTMP 4.0
3 ZnF5PP 6.0
4 CoTMP 6.0
5 CdTPP 5.0
6 CrTPPCl 6.0
7 Bromophenol Blue + TBAH 4.0/50 uL (TBAH)
8 Methyl Red + TBAH 4.0/50 uL (TBAH)
9 Chlorophenol Red + TBAH 4.0/50 uL (TBAH)
10 Nitrazine Yellow + TBAH 4.0/50 uL (TBAH)
11 Bromothymol Blue + TBAH 4.0/50 uL (TBAH)
12 Thymol Blue + TBAH 4.0/50 uL (TBAH)
13 m-Cresol Purple + TBAH 2.0/50 uL (TBAH)
14 ZnOAc2 + m-Cresol Purple + TBAH + 1,2-dichlorobenzne (200 uL) 20/4/50 uL (TBAH)
15 HgCl2 + Bromophenol Blue + TBAH 5.0/4.0/50 uL (TBAH)
16 HgCl2 + Bromocresol Green + TBAH 5.0/4.0/50 uL (TBAH)
17 Pb(OAc)2 + 200 uL of 2-MeOEtOH + 200 uL of diClBz + 600 uL of the formulatio 15
18 Ethanone, 1-[4-[[4-(dimethylamino)phenyl]azo]phenyl]-2,2,2-trifluoro- + TsOH 2/10 uL (TsOH)
19 -Naphthyl Red + TsOH 4/20 uL (TsOH)
20 Tetraiodophenolsulfonephthalein 4.0
21 Fluorescein 2.0
22 Bromocresol Green 4.0
23 Methyl Red 4.0
24 Bromocresol Purple 4.0
25 Bromophenol Red 4.0
26 Rosolic Acid 4.0
27 Bromopyrogallol Red 2.0
28 Pyrocatechol Violet 4.0
29 Nile Red 0.5
30 Disperse Orange  #25 2.0
31 4-(4-Nitrobenzyl)pyridine + N-Benzylaniline 20/10
32 Pyrylium, 4-[2-[4-(dimethylamino)phenyl]ethenyl]-2,6-dimethyl-, tetrafluoroborate 2.0
33 LiNO3 + Cresol Red 15/4
34 Acridine Orange Base 2.0
35 AgNO3 + Bromophenol Blue 5.0/2.0
36 AgNO3 + Bromocresol Green 5.0/2.0
      TBAH: 1.0 M tetrabutylammonium hydroxide in 2-methoxyethanol. 
TsOH: 1.0 M p-toluenesulfonic acid in 2-methoxyethanol. 
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The supported chromic acid was prepared by mixing the supporting material (10.0 g), 
Na2Cr2O7 (4.0 g), 98% H2SO4 (2.5 mL), and H2O (10.0 mL); the wt. % Cr in the resulting 
chromic acid on supporting material is 22%. Water was removed under vacuum at 60 °C for one 
hour. The resulting gel was further dried by flowing dry nitrogen overnight. 30 mg of the 
supported chromic acid (22 wt. % Cr) was packed into each Teflon pre-oxidation tube. 
The analyte line was produced by mixing a gas stream of the analyte with dry nitrogen and 
wet nitrogen using MKS digital mass flow controllers (Figure 3.4). MKS digital mass flow 
controllers were used to adjust the wet/dry N2 flow rate to achieve the desired concentrations at 
50% relative humidity (RH). The response of the colorimetric sensor arrays is essentially an 
equilibrium response and is therefore not generally dependent (after equilibration) on flow rate 
or dose. Slower flow rates of course require longer equilibration times. For all data used in these 
studies, the flow rate was 500 sccm and fully equilibrated responses were taken after 5 minutes 
of exposure to the analyte flow. The final concentrations were confirmed with a MKS FTIR 
multi-gas analyzer. For liquids, the analyte vapor streams were produced by bubbling dry 
nitrogen through their corresponding pure compound. The vapors of solid analytes were 
generated from flowing dry nitrogen through a 20 cm long glass tube packed with the 
corresponding compound. 
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Figure 3.4. Experimental setup for exposure of colorimetric sensor arrays with a pre-oxidation 
tube. The experiments for direct responses to alcohols were carried out similarly but without the 
pre-oxidation tube. MFC = mass flow controller. 
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     For gas analysis, digital images of an array were acquired before and after exposure to a 
diluted gas mixture using an ordinary flatbed scanner (Figure 3.5). The changes in the red, green, 
and blue values for each spot were measured before and after exposure and color difference 
maps were generated. These difference maps provide a molecular fingerprint that effectively 
identifies the analytes. Digitization of the color differences can be performed using Adobe 
PhotoshopTM or with a customized software package, ChemEyeTM (Chemsensing Inc., 
Champaign, IL). The chemometric analysis was carried out on the color difference vectors using 
the Multi-Variate Statistical PackageTM (MVSP v.3.1, Kovach Computing); in all cases, 
minimum variance (i.e., “Ward’s Method”) was used for HCA clustering. 
 
 
Figure 3.5. Difference map by taking the difference of the red, green, and blue values from the 
“before” and “after” images exposed to ammonia at its IDLH level at 298K and 50% RH. 
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3.3 Detection of Alcohols  
     Five representative alcohols (ethanol, ethylene glycol, methanol, phenol, and i-propanol) were 
chosen for detection and discrimination. Different supporting materials for loading chromic acid 
were explored. Using an array of chemically responsive pigments with the pre-oxidation method, 
various concentrations (IDLH, PEL, and 20% of PEL), reproducibility, humidity influence, and 
shelf life were tested. IDLH and PEL of ethylene glycol are unknown; we have instead used 50% 
and 25% of its saturated vapor pressure to approximate. 
3.3.1. Detection of Alcohols with a Silica Pre-oxidation Technique 
     The colorimetric sensor array was tested to detect and identify the alcohols at their IDLH 
concentrations. First, the array with no pre-oxidation tube was tested with the alcohols to see 
how it responded (Figure 3.6a). All the alcohols were weakly detected at their IDLH 
concentrations. For comparison, the array with a silica/chromic acid pre-oxidation tube was 
tested with the alcohols. The difference maps are shown in Figure 3.6b. 
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Figure 3.6. Color difference maps at their IDLH concentrations after 5 min of exposure (a) 
without pre-oxidation (b) with pre-oxidation. For display purposes, the color range of these 
difference maps is expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All 
experiments were run in quintuplicate.  
 
     The pattern of the array response permits facile detection and identification among all five 
alcohols, as shown in Figure 3.6. For quantitative analysis of the color changes of the array, we 
can define a 108-dimensional vector (i.e., 36 changes in red, green, and blue values) and the 
vector for each trial can be compared and classified by chemometric techniques. As shown in 
Figure3.7, HCA generates a dendrogram based on clustering of the array response data in the 
108-dimensional vector space.39-40 In quintuplicate trials without the pre-oxidation technique and 
with pre-oxidation, all five alcohols and a control were accurately classified at their IDLH 
concentrations without errors out of 60 trials.  
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Figure 3.7. Hierarchical cluster analysis for five selected alcohols at their IDLH concentrations 
and a control. The pre-oxidation tube contained 30 mg of chromic acid on silica (22wt % Cr). All 
experiments were run in quintuplicate; no confusions or errors in classification were observed in 
60 trials. 
 
     The colorimetric sensor array with the silica pre-oxidation method was tested to detect and 
identify the alcohols at their PEL concentrations. Difference maps at PEL concentrations are 
shown in Figure 3.8a. In quintuplicate trials using the pre-oxidation technique, all five alcohols 
and a control, were accurately classified at their PEL concentrations without errors out of 30 
trials (Figure 3.8b).  
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Figure 3.8. (a) Color difference maps at their PEL concentrations after 5 min of exposure. For 
display purposes, the color range of these difference maps is expanded from 4 to 8 bits per color 
(RGB range 4-19 expanded to 0-255). (b) Hierarchical cluster analysis for five selected alcohols 
at their PEL concentrations and a control. The pre-oxidation tube contained 30 mg of chromic 
acid on silica (22wt % Cr). All experiments were run in quintuplicate; no confusions or errors in 
classification were observed in 30 trials. 
 
     As shown in Figure 3.8 (a) and (b), ethylene glycol, phenol, and i-propanol exhibited weak 
responses at their PEL concentrations. The array with the silica pre-oxidation tube at low 
concentrations exhibited dramatically decreased sensitivity to alcohols. The problem of low 
sensitivity to alcohols with the pre-oxidation method is that alcohols are adsorbed via hydrogen 
bonding to the silica.  
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3.3.2. Detection of Alcohols with an Alumina Pre-oxidation Technique 
     The influence of supporting materials for on the pre-oxidation method was investigated by 
examining several different porous solid materials (e.g., fumed silica, sand, pumice particles, 
glass spheres, and alumina). The different materials loaded with chromic acid were tested with 
different kinds of gases to see their reactivity (Figure 3.9).  
 
Figure 3.9. Color difference maps comparing different supporting materials for 5 min of 
exposure to different analytes. For display purposes, the color range of these difference maps is 
expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were 
run in triplicate. ED indicates total Euclidian distance as an intensity of response.  
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     The optimum array response to alcohols occurred with pre-oxidation tubes loaded with 30 mg 
of chromic acid on alumina. Interestingly, different materials exhibited different responses 
depending on the analyte (e.g., the silica pre-oxidation tube showed the best response to toluene). 
This can make the alumina pre-oxidation tube more selective to alcohols. For optimizing the 
alumina pre-oxidation method, different range of surface areas were explored since adsorption 
on the surface is related to the surface area of the material. Testing of using the alumina pre-
oxidation methods with various surface areas are shown in Figure 3.10. The alumina pre-
oxidation tube with a surface area of 150 m2/g showed the strongest response to the tested 
analytes. Smaller surface area would not provide enough retention time to react and higher 
surface area would adsorb the oxidation byproducts. Surface area of 150 m2/g would be optimal 
for detection of alcohols. 
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Figure 3.10. Color difference maps using the alumina pre-oxidation tube with various surface 
areas after 5 min of exposure to different analytes. For display purposes, the color range of these 
difference maps is expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All 
experiments were run in triplicate. ED indicates total Euclidian distance as an intensity of 
response. 
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     For further optimization, different amounts of alumina loaded with chromic acid were tested 
with various gases (Figure 3.11). 10 mg to 40 mg were put in the Teflon tube. For toluene and i-
propanol, response intensity improved as the amount of chromic acid increased. However, 
response intensity to naphthalene and ethylene glycol dropped at 40 mg. Overall, 30 mg of 
chromic acids loaded on alumina exhibited optimal response. 
 
Figure 3.11. Influence of amounts of chromic acid loaded on alumina in the pre-oxidation 
tube. Each trial was exposed to the analyte for 5 minutes. All experiments were run in triplicate. 
Total Euclidian distance indicates an intensity of response. 
0
10
20
30
40
50
60
70
80
0 10 20 30 40 50
T
o
ta
l E
u
cl
id
ea
n
 D
is
ta
n
ce
Silica Amount(mg)
Toluene 200ppm
0
20
40
60
80
100
120
140
160
0 10 20 30 40 50
T
o
ta
l E
u
cl
id
ea
n
 D
is
ta
n
ce
Silica Amount(mg)
Ethylene glycol 40ppm
0
20
40
60
80
100
120
140
0 10 20 30 40 50
T
o
ta
l E
u
cl
id
ea
n
 D
is
ta
n
ce
Silica Amount(mg)
Naphthalene 50ppm
0
50
100
150
200
250
0 10 20 30 40 50
T
o
ta
l E
u
cl
id
ea
n
 D
is
ta
n
ce
Silica Amount(mg)
i-propanol 400ppm
94 
 
     Based on these results, alumina was used as a supporting material for the pre-oxidation 
method instead of silica to improve array sensitivity to alcohols. Using an array of chemically 
responsive pigments with the pre-oxidation method, we can successfully discriminate among all 
of them at IDLH, PEL, and 20% of PEL concentrations. The pattern of the array response 
permits facile detection and discrimination among five alcohols, as shown in Figure 3.12.  
 
 
 
Figure 3.12. Color difference maps at their IDLH, PEL, and 20% of PEL concentrations after 5 
min of exposure. For display purposes, the color range of these difference maps is expanded 
from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were run in 
quintuplicate.  
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     As shown in Figure 3.13, HCA generates a dendrogram based on clustering of the array 
response data. In quintuplicate trials using the array with the pre-oxidation technique, all five 
alcohols and a control were accurately classified at their IDLH, PEL, and 20% of PEL 
concentrations without errors in 80 trials.  
 
Figure 3.13. Hierarchical cluster analysis for five selected alcohols at their IDLH, PEL, and 20% 
of PEL concentrations and a control. The pre-oxidation tube contained 30 mg of chromic acid on 
alumina (22wt % Cr). All experiments were run in quintuplicate; no confusions or errors in 
classification were observed in 80 trials. 
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     The ability of this array with the alumina pre-oxidation method to discriminate among similar 
alcohols is due in part to the dimensionality of the data. A principal component analysis was 
performed to generate optimized linear combinations of the original 108 dimensions in order to 
maximize the amount of variance in as few dimensions as possible. For 80 trials involving five 
different alcohols and a control at 3 different concentration levels, the PCA results indicate that 
the array needs 9 dimensions to capture 90% of the total variance and 15 dimensions to capture 
95% (Figure 3.14). This high dispersion is due to the wide range of chemical-property space 
being probed by different classes of chemically responsive pigments.  
 
Figure 3.14. Scree plot of the principal components from PCA of 80 trials using five alcohols at 
their IDLH, PEL, 20% of PEL concentrations and a control. The colorimetric sensor array has an 
extraordinarily high level of dispersion: 9 dimensions are required to capture 90% of the total 
variance, 15 dimensions for 95%. 
 
0
10
20
30
40
50
60
70
80
90
100
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cu
m
ul
at
iv
e V
ar
ia
nc
e (
%
)
Eigenvectors
97 
 
3.3.3. Influence of Relative Humidity      
     In practical situations in the field, changes in relative humidity (RH) have proven to be highly 
problematic for other electronic nose technologies. Selected hydrophobic colorants and sol-gel 
matrices are essentially impervious to changes in relative humidity. The color difference maps 
are unaffected from 10% to 90% RH either with or without the alumina pre-oxidation tube 
(Figure 3.15). The array response with the alumina pre-oxidation tube to changes in humidity 
was also evaluated. Methanol at different RHs are well discriminated from other alcohols at their 
IDLH concentrations (Figure 3.16). Influence from changes in humidity is therefore not 
considered problematic for our sensor arrays. 
 
Figure 3.15. The colorimetric sensor array is unaffected by changes in humidity, either with or 
without pre-oxidation (with 30 mg chromic acid loaded on alumina as pre-oxidation reagent). 
There is essentially no response to variations in relative humidity (RH) from 10% to 90%. For 
purposes of visualization, the color range of these difference maps is expanded from 4 to 8 bits 
per color (RGB range of 4-19 expanded to 0-255). 
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Figure 3.l6. Hierarchical cluster analysis for methanol at different relative humidities (10% 
through 90% RH, all at room temperature) compared to other alcohols, all at their IDLH 
concentrations. As shown, changes in relative humidity do not lead to confusion between other 
alcohols. 
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3.3.4. Reproducibility and Shelf-life  
     We examined the reproducibility and shelf life of the alumina pre-oxidation tube for alcohol 
detection. Batch to batch preparations of the alumina pre-oxidation reagent are highly 
reproducible (Figure 3.17). Three separately prepared batches of chromic acid on alumina gave 
nearly identical responses in separate tests of ethylene glycol, which were accurately 
discriminated from other alcohols at their PEL concentrations. In addition, very little change in 
the array response was observed during aging the alumina pre-oxidation reagent over a two 
month period (Figure 3.18). 
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Figure 3.17. Reproducibility of chromic acid on alumina as a pre-oxidation reagent. (a) Digital 
color difference maps of Ethylene glycol (after 5 min exposure) at their PEL with three 
separately preparing batches of chromic acid on alumina. For display purposes, the color range 
of these difference maps is expanded from 4 to 8 bits per color (RGB range of 4-19 expanded to 
0-255). (b) Hierarchical cluster analysis for the responses of ethylene glycol with three separately 
prepared batches of chromic acid on alumina as the pre-oxidation reagent; each batch of chromic 
acid was tested in triplicate using ethylene glycol, compared with the array responses in 
quintuplicate to ethanol, i-propanol, methanol, and phenol (all at their PEL) and a control of N2. 
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Figure 3.18. Shelf-life stability of chromic acid on alumina as a pre-oxidation reagent. (a) 
Digital color difference maps of i-propanol (after 5 min exposure) at its PEL after pre-oxidation 
using the same batch of chromic acid on alumina as it was aged. Initial pre-oxidation reagent was 
dried for 3 days before use; the aged oxidation reagents were stored under N2 for 1 and 2 months. 
For display purposes, the color range of these difference maps is expanded from 4 to 8 bits per 
color (RGB range of 4-19 expanded to 0-255); (b) Hierarchical cluster analysis for the responses 
of i-propanol after pre-oxidation using the same batch of chromic acid on alumina as it was aged 
(as before); triplicate trials of i-propanol compared with the array responses in quintuplicate to 
ethanol, ethylene glycol, methanol, and phenol (all at their PEL) and a control of N2. 
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3.3.5. Determination of the Limit of Detection        
     We can estimate the limit of detection (LOD) for each analyte by extrapolating from the 
observed array response at their respective PELs. We define a conservative LOD for our array 
response as the analyte concentration needed to give three times the S/N vs. background for the 
sum of three largest responses among the 108 color changes. Our estimated LODs based on their 
five minute PEL responses are listed in Table 3.2. Sensitivity for the alcohols with the use of the 
alumina pre-oxidation method is improved 42 fold. The average LOD of all of the analytes is 
0.08% of the PEL concentrations.  
Table 3.2. PEL and LODs of five different alcohols 
VOCs PEL ppm 
LOD LOD LOD(with Si pre-oxidation)/ 
LOD(with Al pre-oxidation) (with Si pre-oxidation) ppm 
(with Al pre-oxidation)
ppm %PEL 
Ethanol 
Ethylene glycol 
Methanol 
1000 
   20 
200 
0.5 
2 
0.8 
0.09               0.009%
0.02                0.1% 
0.09                0.05% 
6 
100 
                  9 
Phenol 5 0.6 0.006              0.12% 100 
i-Propanol 400 18 0.4                  0.1% 45 
Average of 5 alcohols                        0.08% 42 
* PEL of ethylene glycol is unknown; we have instead used 25% of their saturated vapor pressure to approximate its PEL. 
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3.4 Conclusions 
     We have created an improved pre-oxidation technique that is capable of much more sensitive 
detection of alcohols. Five different alcohols can be successfully detected and discriminated at 
their IDLH, PEL, and 20% of PEL concentrations. Classification analysis revealed that the 
colorimetric sensor array with the alumina pre-oxidation method has a high dimensionality to 
discriminate among similar alcohols over a wide range of concentrations. Comparison of the 
limits of detection of the array for alcohols with the alumina and silica pre-oxidation methods 
indicated an improvement of ~42-fold. We are working on developing a wearable device which 
would be able to provide rapid, highly sensitive, and selective monitoring of alcohol vapors. 
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Chapter 4: Detection and Discrimination of Automotive Fuels and  
Ignitable Liquid Residues 
4.1 Introduction 
     Detection and discrimination of automotive fuels (e.g., gasoline and diesel) and ignitable 
liquid residues have received recent attention in fire investigations.1-4 According to the U.S fire 
administration, about 210,000 fires are intentionally set every year and 375 deaths, 1,300 injuries, 
and one billion dollar damage to property are caused annually.5 Figure 4.1 indicates causes of 
fire in 2004.4 Cooking is the number one cause of fires, accounting for about 28 percent. 
Suspicious fires which are considered as intentionally set fires are the second most common 
cause of fires.  
 
Figure 4.1. Causes of fire in the United States in 2004. 4 
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     Automotive fuels, such as gasoline and diesel, and other ignitable liquids (e.g., kerosene) are 
commonly used as accelerants to set fires. Identification of ignitable liquids and ignitable liquid 
residues is therefore a great interest of investigating a fire scene. Especially a portable detector is 
highly desirable for field use. Table 4.1 summarizes the current techniques which are used in the 
field.2 Canine teams are mostly used most frequently in the field, which makes up about 90% of 
the techniques used. However, trained dogs are expensive and they get tired easily. In addition, 
detection is subject to human’s interpretation of the dog’s response. Most other detection 
methods suffer from high cost, low portability, low sensitivity, low selectivity, lack of 
reproducibility, or interference from humidity. The development of an inexpensive, portable, and 
easy-to-use device for on-site detection of fire accelerants and ignitable liquid residues remains a 
pressing need. 
Table 4.1. Field detection techniques for investigation of a fire scene.2 
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     Quality control of automotive fuels is also of interest.6-7 Although gasoline is supposed to be 
made according to the guidelines, malpractices such as addition of cheaper components have 
existed, causing serious problems. For example, kerosene, naphtha, and organic solvents have 
been added illegally to fuels. Among those additives, kerosene addition to gasoline causes 
greater engine deposits and pollutions. A portable and cheap method for quality control of the 
fuel is necessary to reduce pollution from automobiles. 
     There have been many reports for discrimination between different grades of gasoline and 
identification of ignitable liquid residues.8-18 Doble and co-workers reported the classification of 
premium and regular gasoline by GC-MS.8 48-62% of the samples were correctly identified by 
principal component analysis (PCA) and 97% of the samples were correctly classified by 
artificial neural networks (ANNs). Although ANN achieved successful classification, this 
method is limited by following disadvantages: computational skill requirement, overfitting, and 
empirical model development. Walt and co-workers developed a fluorescence-based microsphere 
array to detect and classify ignitable liquid residues.9 Different kinds of ignitable liquid (20 mL) 
were added to a carpet and burned for 3-4 minutes. Vapor generation system from the residue 
sample and experiment scheme are shown in Figure 4.2 and 4.3.9 The detector could discriminate 
well whether ignitable liquids were added or not (Table 4.2).9 The detector achieved 90% of 
success in discriminating three different types of ignitable liquid residues (Table 4.2). While 
some electronic nose techniques have also found application for discrimination between different 
grades of gasoline and identification of ignitable liquid residues, the range of accelerants, 
interference, and sensor aging have remained problematic. 
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Figure 4.2. Vapor generation system from the residue sample.9 
 
 
Figure 4.3. Experiment scheme.9 
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Table 4.2 Classification accuracies and confusion for the fire debris samples.9   
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4.2 Detection and Discrimination of Different Brands of Automotive Fuels 
     Three different grades of gasoline and diesel from five different brands were tested for 
detection and discrimination by our current colorimetric sensor array with a pre-oxidation 
method. Gasoline is consisted of 29-48% of alkanes, 3-9% of alkenes, 3-7% of cycloalkanes, and 
20-50% of aromatics.19 Different brands are known to have different additives to the base 
gasoline. Three different grades of gasoline are available at the most gas stations. Gasoline 
grades are based on octane rating which is a measure of fuel’s resistance to autoignition during 
combustion. Higher octane rating which premium gasoline has requires higher activation 
energies to initiate combustion. Differences between gasoline and diesel are hydrocarbon chain 
length, boiling range, and vapor pressure. This work explores the possibility whether our 
technology can be used for quality control and forensic applications or not. 
4.2.1 Experimental 
     Three different grades of gasoline and diesel from five different brands (e.g., Shell, Mobil, 
Marathon, BP, and Walmart) were purchased from the local gas stations. Silica (Davisil 636, 
250-500 m, pore size 6.0 nm, surface area 480 m2/g) aluminum oxide (activated, neutral, 
Brockmann I, surface area 155 m2/g) were used as a supporting material to load chromic acid.   
     For printing of the colorimetric sensor arrays, sol-gel formulations which contain chemo-
responsive indicators were prepared. The formulations were achieved by the hydrolysis of silane 
precursors (e.g., tetraethoxysilane, methyltriethoxysilane, phenethyltrimethoxysilane, and 
octyltriethoxysilane) with an acidic catalyst. After hydrolysis, the resulting solutions were added 
to the selected indicators, and then loaded into a 36-hole Teflon® inkwell. A robotic pin printer 
(Nanoprint Microarray Printer, Arraylt Co., Mountain View, CA) was used to print the 
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formulation by dipping slotted pins into the inkwell and transferring the formulations (120 nL) to 
a polyethylene terephthalate (PET) film. After printing, the arrays were aged under nitrogen for 
at least three days prior to any experiment. Finally, each array was cut to fit into a custom made 
sensor cartridge.  
     The chromic acid on supporting materials was made by mixing silica (10.0 g), Na2Cr2O7 (4.0 
g), 98% H2SO4 (2.5 mL), and H2O (10.0 mL); the wt. % Cr in the resulting chromic acid on 
supporting material is 22%. Water was removed under vacuum at 60 °C for an hour. The 
resulting gel was further dried by flowing dry nitrogen overnight. 30 mg of the chromic acid (22 
wt. % Cr) were packed into the Teflon tube. 
     The analyte line was produced by mixing a gas stream of the analyte with dry nitrogen and 
wet nitrogen using MKS digital mass flow controllers (Figure 4.4). MKS digital mass flow 
controllers were used to adjust the wet/dry N2 flow rate to achieve the desired concentrations at 
50% relative humidity (RH). The response of the colorimetric sensor arrays is essentially an 
equilibrium response and is therefore not generally dependent (after equilibration) on flow rate 
or dose. Slower flow rates of course require longer equilibration times. For all data used in these 
studies, the flow rate was 500 sccm and fully equilibrated responses were taken after 5 minutes 
of exposure to the analyte flow. The analyte vapor streams were produced by bubbling dry 
nitrogen through the corresponding gasoline or diesel.  
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Figure 4.4. Experimental setup for exposure of colorimetric sensor arrays with pre-oxidation.  
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     For gas analysis, digital images of an array were acquired before and after exposure to each 
diluted fuel using an ordinary flatbed scanner (Figure 4.5). The changes in the red, green, and 
blue values for each spot were measured before and after exposure and color difference maps 
were generated. These difference maps provide a molecular fingerprint that effectively identifies 
the analytes. Digitization of the color differences can be performed using Adobe PhotoshopTM or 
with a customized software package, ChemEyeTM (Chemsensing Inc., Champaign, IL). The 
chemometric analysis was carried out on the color difference vectors using the Multi-Variate 
Statistical PackageTM (MVSP v.3.1, Kovach Computing); in all cases, minimum variance (i.e., 
“Ward’s Method”) was used for the hierarchical cluster analysis (HCA). 
 
 
Figure 4.5. Difference map by taking the difference of the red, green, and blue values from the 
“before” and “after” images exposed to ammonia at its IDLH level at 298K and 50% RH. 
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4.2.2 Results  
     Three different grades of gasoline and diesel from five different brands were chosen for 
detection and discrimination. Using an array of chemically responsive pigments with the pre-
oxidation method, two different concentrations (50% and 2% of saturation), reproducibility, 
humidity influence, and shelf life were tested. 
     The colorimetric sensor array was tested to detect and identify different automotive fuels at 
their 50% and 2% of saturation. First, the array itself was tested to the selected fuels to see 
whether it shows a response or not (Figure 4.6). The arrays showed weak responses at 50% and 
almost no responses at 2%. 
 
Figure 4.6. Color difference maps at their 50% and 2% of saturated concentrations after 5 min of 
exposure. For display purposes, the color range of these difference maps is expanded from 4 to 8 
bits per color (RGB range 4-19 expanded to 0-255). All experiments were run in triplicate. 
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     As demonstrated above, our current array is not sensitive to the automotive fuels. Silica 
chromic acid pre-oxidation tube was used to improve sensitivity to the automotive fuels. A pre-
oxidation tube was made and attached to the array. Byproducts from the oxidation reaction 
between the oxidizing agent and analyte can be used to identify the different fuels. The 
representative difference maps of the different fuels with a pre-oxidation tube at 50% of 
saturation are shown in Figure 4.7.  
 
Figure 4.7. Color difference maps at their 50% of saturated concentrations after 5 min of 
exposure using a pre-oxidation tube (30 mg of chromic acid on silica (22 wt. % Cr)). For display 
purposes, the color range of these difference maps is expanded from 4 to 8 bits per color (RGB 
range 4-19 expanded to 0-255). All experiments were run in quintuplicate. 
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     The pattern of the array response permits facile detection among all the twenty different fuels, 
as shown in Figure 4.7. For quantitative analysis of the color changes of the array, we can define 
a 108-dimensional vector (i.e., 36 changes in red, green, and blue values) and the vector for each 
trial can be compared and classified by chemometric techniques. We prefer the use of a standard 
chemometric approach, hierarchical cluster analysis (HCA), which is based on the grouping of 
the analyte vectors according to their Euclidean distances from one another in their full vector 
space.20-21 HCA has the advantages of being model-free and of using the full dimensionality of 
the data. As shown in Figure 4.8, HCA generates a dendrogram based on clustering of the array 
response data in the 108-dimensional vector space. In quintuplicate trials using the pre-oxidation 
technique, all the twenty different gasoline and diesel were accurately classified at their 50% of 
saturated concentrations without errors out of 100 trials. 
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Figure 4.8. Hierarchical cluster analysis for 20 selected gasoline and diesel at their 50% of 
saturated concentrations. The pre-oxidation tube contained 30 mg of chromic acid on silica 
(22wt % Cr). All experiments were run in quintuplicate; no confusions or errors in classification 
were observed in 100 trials. 
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     The colorimetric sensor array with the pre-oxidation tube was tested to detect and identify the 
automotive fuels at their 2% of saturated concentrations. Difference maps at 2% of saturated 
concentrations are shown in Figure 4.9. The overall responses for the different gasoline and 
diesel at 2% of saturated concentrations were weakened but strong enough to detect.  
 
Figure 4.9. Color difference maps at their 2% of saturated concentrations after 5 min of 
exposure using a pre-oxidation tube (30 mg of chromic acid on silica (22 wt. % Cr)). For display 
purposes, the color range of these difference maps is expanded from 4 to 8 bits per color (RGB 
range 4-19 expanded to 0-255). All experiments were run in quintuplicate. 
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     In quintuplicate trials using the pre-oxidation technique, all the twenty different gasoline and 
diesel were statistically analyzed by HCA. Although the difference maps between the different 
gasoline showed the similar patterns of the responses, HCA accurately classified at their 2% of 
saturated concentrations without errors out of 100 trials (Figure 4.10). 
 
Figure 4.10. Hierarchical cluster analysis for 20 selected gasoline and diesel at their 2% of 
saturated concentrations. The pre-oxidation tube contained 30 mg of chromic acid on silica 
(22wt % Cr). All experiments were run in quintuplicate; no confusions or errors in classification 
were observed in 100 trials. 
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     Reproducibility of their responses from the selected gasoline and diesel were tested. Different 
batches of Mobil-87, BP-93, Marathon-93, and BP diesel were tested at their 2% of saturated 
concentrations to confirm reproducibility of the responses. HCA analysis showed that different 
batches gave almost identical result in separate test of the chosen fuels, which were 
discriminated from other fuels (Figure 4.11). 
 
 Figure 4.11. Hierarchical cluster analysis for the responses of the chosen fuels from the 
different batches with chromic acid on silica as pre-oxidation reagent. All experiments were run 
in quintuplicate; no confusions or errors in classification were observed in 120 trials. 
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     The ability of the colorimetric sensor array to discriminate among many analytes is due in 
large part to the extremely high dimensionality of the colorimetric sensor array data. Principal 
component analysis (PCA) can be used to determine the number of meaningful independent 
dimensions. PCA generates optimized eigenvectors for each principal component by the linear 
combination of the response of each sensor parameter so as to maximize the amount of variance 
in the fewest possible principal components. Based on the 100 trials of 20 different automotive 
fuels at 50% of saturation, the PCA of our colorimetric sensor array requires 22 dimensions to 
capture 90% of total variance and 32 dimensions for 95% (Figure 4.12). For the 100 trials of 20 
fuels at 2% of saturation, the PCA indicates that colorimetric sensor array needs 26 dimensions 
for 90% of total variance and 37 dimensions for 95% (Figure 4.13). This high dispersion is due 
to the wide range of chemical-property space probed by the chemically responsive pigments that 
make up the sensor array. Thus similar fuels can be separated easily over the high dimensional 
space being probed by the sensor array. In this same fashion, the sensor array permits facile 
discrimination among the complex mixture of partial oxidation products generated using our pre-
oxidation technique. 
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Figure 4.12. Scree plot of the principal components from PCA of 100 trials using 20 different 
fuels at their 50% of saturated concentrations. The colorimetric sensor array has an extraordinary 
high level of dispersion: 22 dimensions are required to capture 90% of the total variance, 32 
dimensions for 95%. 
 
 
Figure 4.13. Scree plot of the principal components from PCA of 100 trials using 20 different 
fuels at their 2% of saturated concentrations. The colorimetric sensor array has an extraordinary 
high level of dispersion: 26 dimensions are required to capture 90% of the total variance, 37 
dimensions for 95%. 
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     For actual field-use, changes in humidity influence the performance for other electronic noses. 
Chapter 2 has shown that the array either with or without the silica pre-oxidation tube is not 
affected by changes in humidity from 10 to 90% (Figure 2.15). In addition, changes in humidity 
do not generally affect the response of the array to analytes (Figure 2.16). The reproducibility 
and shelf-life of the pre-oxidation method were tested. Batch to batch preparations of the pre-
oxidation reagent is highly reproducible (Figure 2.17). The pre-oxidation reagent aged over a 
two month period did not show any significant changes (Figure 2.18). 
4.3 Detection and Discrimination of Ignitable Liquid Residues 
     Different kinds of ignitable liquids and their residues were tested for detection and 
discrimination by our current colorimetric sensor array with a pre-oxidation method. This work 
explored the possibility that our technology could be used to investigate a fire scene in order to 
determine whether an ignitable liquid residues is present or not. 
4.3.1 Experimental 
     Eleven different ignitable liquids were tested. Different gasoline and diesel were purchased 
from local gas stations. Charcoal starter and vegetable oil were purchased from local Walmart. 
All reagents were analytical-reagent grade, obtained from Sigma-Aldrich, and used without 
further purification unless otherwise specified. Silica (Davisil 636, 250-500 m, pore size 6.0 nm, 
480 m2/g) and aluminum oxide (activated, neutral, Brockmann I, surface area 155 m2/g) were 
used as supporting materials to load chromic acid.   
     For printing of the colorimetric sensor arrays, sol-gel formulations which contain chemo-
responsive indicators were prepared. The formulations were achieved by the hydrolysis of silane 
precursors (e.g., tetraethoxysilane, methyltriethoxysilane, phenethyltrimethoxysilane, and 
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octyltriethoxysilane) with an acidic catalyst. After hydrolysis, the resulting solutions were added 
to the selected indicators, and then loaded into a 36-hole Teflon® inkwell. A robotic pin printer 
(Nanoprint Microarray Printer, Arraylt Co., Mountain View, CA) was used to print the 
formulation by dipping slotted pins into the inkwell and transferring the formulations (120 nL) to 
a polyethylene terephthalate (PET) film. After printing, the arrays were aged under nitrogen for 
at least three days prior to any experiment. Finally, each array was cut to fit into a custom made 
sensor cartridge.  
     The chromic acid on supporting materials was made by mixing supporting material (10.0 g), 
Na2Cr2O7 (4.0 g), 98% H2SO4 (2.5 mL), and H2O (10.0 mL); the wt. % Cr in the resulting 
chromic acid on supporting material is 22%. Water was removed under vacuum at 60 °C for an 
hour. The resulting gel was further dried by flowing dry nitrogen overnight. 30 mg of the 
chromic acid (22 wt. % Cr) were packed into a Teflon tube. 
     Square inch of Nylon carpet was used as a substrate for the testing. 2 mL of each fire 
accelerant was applied to the carpet. First part of the experiment was done by testing each 
ignitable liquid on the carpet without burning. And then burned residues were tested with our 
array with the pre-oxidation technique. The carpet added with an accelerant was burned for 90 
seconds by using a fire torch (Figure 4.14). The burned carpet residue was cooled for 3 minutes 
before testing. And then it was transferred to the bubbler to generate the vapor by flowing the 
nitrogen (Figure 4.15).   
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Figure 4.14. A fire torch used to burn the samples. 
 
 
Figure 4.15. Experimental setup to generate the vapor from the sample. 
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     The analyte line was produced by mixing a gas stream of the analyte with dry nitrogen and 
wet nitrogen using MKS digital mass flow controllers (Figure 4.16). MKS digital mass flow 
controllers were used to adjust the wet/dry N2 flow rate to achieve the desired concentrations at 
50% RH. The response of the colorimetric sensor arrays is essentially an equilibrium response 
and is therefore not generally dependent (after equilibration) on flow rate or dose. Slower flow 
rates of course require longer equilibration times. For all data used in these studies, the flow rate 
was 500 sccm and fully equilibrated responses were taken after 5 minutes of exposure to the 
analyte flow.  
 
Figure 4.16. Experimental setup for exposure of colorimetric sensor arrays with pre-oxidation. 
MFC = mass flow controller. 
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4.3.2 Results  
     Eleven different kinds of ignitable liquids were chosen for detection and discrimination. 
Using an array of chemically responsive pigments with the pre-oxidation method, two different 
testing (unburned substrate with an accelerant and burned substrate with an accelerant) were 
performed. Carpet without adding any accelerant was tested as a control. 
     The colorimetric sensor array was tested to detect and identify the different ignitable liquids 
and their residues. First, the array itself was tested to the burned residues to see whether it 
showed a response or not (Figure 4.17). The array showed no response. The array with the silica 
pre-oxidation tube was then tested with the burned residues (Figure 4.17). The resulting 
responses were not strong. 
 
Figure 4.17. Color difference maps for the burned substrates with different accelerants after 5 
min of exposure: top row is without pre-oxidation tube and bottom row is with the pre-oxidation 
tube (30 mg of chromic acid on silica (22 wt. % Cr)). For display purposes, the color range of 
these difference maps is expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-
255). All experiments were run in triplicate. 
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     As demonstrated above, our colorimetric array with silica chromic acid pre-oxidation tube 
was not sensitive to the burned residues. Alumina chromic acid pre-oxidation tube was used to 
improve sensitivity to the burned residues. A pre-oxidation tube was made and attached to the 
array. Byproducts from the oxidation reaction between the oxidizing agent and analyte can be 
used to identify the burned residues. The representative difference maps of the unburned 
substrates with different accelerants and the burned residues with different accelerants are shown 
in Figure 4.18 and 4.19. 
 
Figure 4.18. Color difference maps for the unburned substrates with different accelerants after 5 
min of exposure using a pre-oxidation tube (30 mg of chromic acid on alumina (22 wt. % Cr)). 
For display purposes, the color range of these difference maps is expanded from 4 to 8 bits per 
color (RGB range 4-19 expanded to 0-255). All experiments were run in quintuplicate. 
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Figure 4.19. Color difference maps for the burned residues with different accelerants after 5 min 
of exposure using a pre-oxidation tube (30 mg of chromic acid on alumina (22 wt. % Cr)). For 
display purposes, the color range of these difference maps is expanded from 4 to 8 bits per color 
(RGB range 4-19 expanded to 0-255). All experiments were run in quintuplicate. 
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     The pattern of the array response permits facile detection among all the unburned substrates 
with different accelerants and the burned residues with different accelerants, as shown in Figure 
4.18 and Figure 4.19. For quantitative analysis of the color changes of the array, we use a 
standard chemometric approach, hierarchical cluster analysis (HCA), which is based on the 
grouping of the analyte vectors according to their Euclidean distances from one another in their 
full vector space.20-21 As shown in Figure 4.20, HCA generates a dendrogram based on clustering 
of the array response data in the 108-dimensional vector space. In quintuplicate trials using the 
pre-oxidation technique, the unburned substrates with different accelerants and the burned 
residues with different accelerants were accurately classified with the exception of burned 
residues with shell-93 and bp-93 and unburned carpet itself and with paraffin. Confusion 
between the burned residues with shell-93 and bp-93 which are both gasoline is acceptable.  
Confusion between the unburned carpet and the unburned carpet with paraffin is due to 
paraffin’s negligible vapor pressure at room temperature. The unburned carpet and the unburned 
carpet with paraffin would generate almost identical vapor.  
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Figure 4.20. Hierarchical cluster analysis for the unburned substrates with the selected different 
accelerants and the burned residues with selected different accelerants. The pre-oxidation tube 
contained 30 mg of chromic acid on silica (22wt % Cr). All experiments were run in 
quintuplicate; no confusions or errors in classification were observed in 120 trials with the 
exception of the burned residues with shell-93 and bp-93 and the unburned carpets itself and 
with paraffin. 
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     The ability of the colorimetric sensor array to discriminate among many analytes is due in 
large part to the extremely high dimensionality of the colorimetric sensor array data. Principal 
component analysis (PCA) can be used to determine the number of meaningful independent 
dimensions. Based on the 120 trials of for the unburned substrates with the selected different 
accelerants and the burned residues with selected different accelerants, the PCA of our 
colorimetric sensor array requires 6 dimensions to capture 90% of total variance and 12 
dimensions for 95% (Figure 4.21).   
 
Figure 4.21. Scree plot of the principal components from PCA of 120 trials using the unburned 
substrates with the selected different accelerants and the burned residues with selected different 
accelerants. The colorimetric sensor array has an extraordinary high level of dispersion: 6 
dimensions are required to capture 90% of the total variance, 12 dimensions for 95%. 
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4.4 Conclusions 
     A simple, disposable colorimetric sensor array with a pre-oxidation technique that is capable 
of rapid and sensitive detection and discrimination of different brands and grades of automotive 
fuels and different ignitable liquid residues has been created. Classification analysis reveals that 
the colorimetric sensor array has an extremely high dimensionality with the consequent ability to 
discriminate among a large number of similar gasoline and diesel at two different concentrations. 
The unburned substrates with the selected different accelerants and the burned residues with 
selected different accelerants can be detected and well discriminated with our array with the pre-
oxidation technique. This work demonstrated that our technology can be used for quality control 
of automotive fuels and fire investigation to indicate the presence of the ignitable liquids. In 
addition, the array with the pre-oxidation has shown excellent performance in the presence of 
humidity, shelf-life, and reproducibility.  
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Chapter 5: Development of a Pre-oxidation Spot and a Linear Array 
5.1 Introduction 
     The Suslick group has recently developed a disposable colorimetric sensor array methodology 
for use as an optoelectronic nose. This technology has been successfully used for the 
identification of a wide range of both gases/vapors and analytes in aqueous liquids.1-10 To 
improve the array response, a disposable pre-oxidation technique has been developed where a 
vapor stream is passed through an oxidation tube placed in front of the array.11 Oxidation 
byproducts (e.g., carboxylic acids, phenols, aldehydes, etc.) are reactive species that can be 
easily detected with our array. Since each analyte produces different kinds of oxidation 
byproducts, each analyte produces a unique array response. Thus, a signature pattern can be 
obtained for a wide range of volatile organic compounds (VOCs). Although we have already 
demonstrated successful detection of various gases, there is need to improve the response time 
and sensitivity of our sensor prior to use in the field. Our current sensor array consists of 36 
indicators (6 rows x 6 columns). Each array was cut to fit into a custom-made square inch 
cartridge. Due to the square design, the current sensor array does not have an optimized flow 
path. As shown in Figure 5.1, the analyte vapor stream follows a u-shaped flow path. The 
successful delivery of analyte vapor to every spot in the array takes a considerable amount of 
time as the flow is not equally distributed. Optimizing the vapor stream flow path will improve 
the sensor’s response time and sensitivity. A linear array consisting of 36 indicators linearly 
printed linearly has an optimal flow path. Our next generation colorimetric sensor array, a linear 
array as shown in Figure 5.2, has been developed.  
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Figure 5.1. Current colorimetric sensor array with probable u-shaped flow path.   
 
 
Figure 5.2. Linear array consisting of 36 indicators linearly. 
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     As we transition to a linear array, a pre-oxidation tube dramatically improving the sensitivity 
to volatile organic compounds (VOCs) will be difficult to incorporate into the linear array. An 
alternative is to develop a printable pre-oxidation spot for the linear array. Initially, we tried to 
develop a printable oxidation spot using our previously successful formulations, but the 
oxidizing agent oxidizes organic components in the formulations. Thus, our existing polymer and 
sol-gel formulations are not compatible with an oxidizing agent.2-3 Therefore, a formulation 
consisting of only inorganic components needed to be developed. Here, development and 
optimization of a pre-oxidation spot are reported and the efficiency of the pre-oxidation spot is 
compared to efficiency of the pre-oxidation tube. Next, the development of a linear array is 
reported and the array is used to test several analytes at their immediately dangerous to life or 
health (IDLH) and permissible exposure limit (PEL), and the array responses are compared to 
the responses from the 6 x 6 arrays. 
5.2 Experimental  
     All reagents were analytical-reagent grade, obtained from Sigma-Aldrich, and used without 
further purification unless otherwise specified. The silica used was Davisil 636 having 250-500 
m, pore size 6.0 nm, surface area 480 m2/g. Ludox colloidal silica suspended in water was used 
as an inorganic binder in the oxidation spot formulation. Certified, premixed gas tanks, including 
ammonia, sulfur dioxide, hydrogen sulfide, and nitrogen dioxide were obtained from Matheson 
Tri-Gas Corp. through S. J. Smith, Co. (Urbana, IL).     
For printing the linear colorimetric sensor arrays, the preparation of sol-gel formulations 
which contain chemo-responsive indicators (Table 5.1) is identical to the previously discussed 
method. The formulations were achieved by the hydrolysis of silane precursors (e.g., 
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tetraethoxysilane, methyltriethoxysilane, phenethyltrimethoxysilane, and octyltriethoxysilane) 
with an acidic catalyst. After hydrolysis, the resulting solutions were added to the selected 
indicators, mixed thoroughly, and then loaded into a 36-hole Teflon® inkwell consisting of three 
12-hole rows (Figure 5.3). A robotic pin printer (Nanoprint Microarray Printer, Arraylt Co., 
Mountain View, CA) (Figure 5.4) was used to print the dyes by dipping slotted pins into the 
inkwell and transferring the solutions to a glass slide (Figure 5.5 and Figure 5.6). After printing, 
the arrays were aged under nitrogen for at least three days prior to any experiment. Finally, the 
arrays were slid into a custom made sensor holder (Figure 5.7).  
 
 
Figure 5.3. Teflon® inkwell consisting of three 12-hole rows. Numbers indicate the order of the 
printable spot on the linear array. 
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Figure 5.4. Nanoprint Microarray Printer, Arraylt Co., Mountain View, CA 
 
 
Figure 5.5. Slotted pins used to transfer the dyes in printing the linear array. 
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Figure 5.6. Glass slide as a substrate for printing the linear array. 
 
 
Figure 5.7. An array holder for a linear array. 
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Table 5.1. List of Indicators. 
Name mg
1 ZnTPP 6.0
2 ZnTMP 4.0
3 ZnF5PP 6.0
4 CoTMP 6.0
5 CdTPP 5.0
6 CrTPPCl 6.0
7 Bromophenol Blue + TBAH 4.0/50 uL (TBAH)
8 Methyl Red + TBAH 4.0/50 uL (TBAH)
9 Chlorophenol Red + TBAH 4.0/50 uL (TBAH)
10 Nitrazine Yellow + TBAH 4.0/50 uL (TBAH)
11 Bromothymol Blue + TBAH 4.0/50 uL (TBAH)
12 Thymol Blue + TBAH 4.0/50 uL (TBAH)
13 m-Cresol Purple + TBAH 2.0/50 uL (TBAH)
14 ZnOAc2 + m-Cresol Purple + TBAH + 1,2-dichlorobenzne (200 uL) 20/4/50 uL (TBAH)
15 HgCl2 + Bromophenol Blue + TBAH 5.0/4.0/50 uL (TBAH)
16 HgCl2 + Bromocresol Green + TBAH 5.0/4.0/50 uL (TBAH)
17 Pb(OAc)2 + 200 uL of 2-MeOEtOH + 200 uL of diClBz + 600 uL of the formulatio 15
18 Ethanone, 1-[4-[[4-(dimethylamino)phenyl]azo]phenyl]-2,2,2-trifluoro- + TsOH 2/10 uL (TsOH)
19 -Naphthyl Red + TsOH 4/20 uL (TsOH)
20 Tetraiodophenolsulfonephthalein 4.0
21 Fluorescein 2.0
22 Bromocresol Green 4.0
23 Methyl Red 4.0
24 Bromocresol Purple 4.0
25 Bromophenol Red 4.0
26 Rosolic Acid 4.0
27 Bromopyrogallol Red 2.0
28 Pyrocatechol Violet 4.0
29 Nile Red 0.5
30 Disperse Orange  #25 2.0
31 4-(4-Nitrobenzyl)pyridine + N-Benzylaniline 20/10
32 Pyrylium, 4-[2-[4-(dimethylamino)phenyl]ethenyl]-2,6-dimethyl-, tetrafluoroborate 2.0
33 LiNO3 + Cresol Red 15/4
34 Acridine Orange Base 2.0
35 AgNO3 + Bromophenol Blue 5.0/2.0
36 AgNO3 + Bromocresol Green 5.0/2.0       
TBAH: 1.0 M tetrabutylammonium hydroxide in 2-methoxyethanol. 
TsOH: 1.0 M p-toluenesulfonic acid in 2-methoxyethanol. 
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The chromic acid on silica was made by mixing silica gel (10.0 g), Na2Cr2O7 (4.0 g), 98% 
H2SO4 (2.5 mL), and H2O (10.0 mL); the wt. % Cr in the resulting chromic acid on silica is 22%.  
Water was removed by drying the product under vacuum at 60 °C for an hour. The resulting gel 
was further dried by flowing dry nitrogen overnight. 30 mg of the chromic acid (22 wt. % Cr) 
was packed into a Teflon tube. A pre-oxidation spot formulation was made by mixing Ludox 
(1.5 mL), Na2Cr2O7 (1.0 g),  and H2SO4 (0.2 mL). The formulation (0.01 mL) was dropped onto a 
microscope slide or a glass tube using a micropipette. The resulting spot was dried under 
nitrogen for at least three days prior to its use in any experiment. 
The analyte line was produced by mixing a gas stream of the analyte with dry nitrogen and 
wet nitrogen using MKS digital mass flow controllers. MKS digital mass flow controllers were 
used to adjust the wet/dry N2 flow rate to achieve the desired concentrations at 50% relative 
humidity (RH). The response of the colorimetric sensor arrays is essentially an equilibrium 
response and is therefore not generally dependent (after equilibration) on flow rate or dose. 
Slower flow rates, of course, require longer equilibration times. For all data used in these studies, 
the flow rate was 500 sccm and fully equilibrated responses were taken after 5 minutes of 
exposure to the analyte flow. The final concentrations were confirmed with a MKS FTIR multi-
gas analyzer. For liquids, the analyte vapor streams were produced by bubbling dry nitrogen 
through the corresponding pure compound.  
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     For all sensing experiments, the arrays were imaged using an ordinary flatbed scanner (Epson 
Perfection V600). The before exposure image was acquired after 2 min of 50% RH N2 at a flow 
rate of 500 sccm, and after-exposure images were acquired with full equilibration after five 
minutes of exposure to the pre-determined analyte vapor concentrations at a flow rate of 500 
sccm. Difference maps were obtained by taking the difference of the red, green, and blue (RGB) 
values from the center of every colorant spot (~300 pixels) from the “before” and “after” images; 
all difference maps shown here are averages of multiple trials. Digitization of the color 
differences can be performed using Adobe PhotoshopTM or with a customized software package, 
ChemEyeTM (Chemsensing Inc., Champaign, IL) or Spot Finder (iSense LLC., Mountain View, 
CA). For a linear array, the difference maps are shown in a 6 x 6 format instead of the 1 x 36 
format. The chemometric analysis was carried out on the color difference vectors using the 
Multi-Variate Statistical PackageTM (MVSP v.3.1, Kovach Computing); in all cases, minimum 
variance (i.e., “Ward’s Method”) was used for the hierarchical cluster analysis (HCA). 
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5.3 Development of a Pre-oxidation Spot.  
     A formulation consisting of only inorganic materials is required for a strong oxidizing agent. 
Ludox, colloidal silica suspended in water, can be used as a binder. The formulation consisted of 
Ludox (1.5 mL), H2SO4 (0.2 mL), and Na2Cr2O7 (1.0 g). As an initial attempt, the formulation 
(0.005 mL) was spotted on a microscope slide using a micropipette. The microscope slide fits 
into a custom made sensor cartridge as shown in Figure 5.8. The resulting spot was placed prior 
to the array and was thought to behave similar to the pre-oxidation tube. The pre-oxidation spot 
was tested using ethylene oxide, unreactive to our array at its IDLH concentration (Figure 5.9).  
 
Figure 5.8. A pre-oxidation spot printed on a microscope slide and fit into a sensor cartridge. 
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Figure 5.9. Experimental setup for a colorimetric sensor array with a pre-oxidation spot on a 
microscope slide. 
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Figure 5.10. Color difference maps for arrays after 5 min of ethylene oxide exposure at IDLH 
concentration using a pre-oxidation spot. For display purposes, the color range of these 
difference maps is expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All 
experiments were run in triplicate. Raw images of the pre-oxidation spot are shown below the 
difference maps. Formulation 1 is of Ludox (1.5 mL), H2SO4 (0.2 mL), and Na2Cr2O7 (0.6 g). 
Formulation 2 is of Ludox (1.5 mL), H2SO4 (0.2 mL), and Na2Cr2O7 (1.0 g). 
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     As shown in Figure 5.10, the pre-oxidation spot reacted with ethylene oxide to produce 
oxidation byproducts. The array showed a response from the oxidation byproducts of ethylene 
oxide, but the response intensity was lower than the response intensity seen with the pre-
oxidation tube. The pre-oxidation spots had a significantly smaller amount of chromic acid as 
compared to the pre-oxidation tube. In addition, the experimental setup was inefficient. To 
improve the efficiency of oxidation from the pre-oxidation spot, the formulation was used to coat 
inside of a glass tube (inside diameter 1/8 inch). 10 µl of the formulation was dropped inside of 
the glass tube using a micropipette; the glass tube was circulated to coat the inside evenly. The 
resulting pre-oxidation spot was dried under nitrogen for at least three days prior to use in any 
experiment. Since there are different types of Ludox, each with different particle size and surface 
area, different types of Ludox were tested in optimizing the formulation. In addition, aluminum 
sulfate and magnesium sulfate were tested as a replacement to Ludox for the inoranic binders. 
The pre-oxidation spot in the glass tube was attached in front of the array like the pre-oxidation 
tube (Figure 5.11). The resulting pre-oxidation spot was tested using ethylene oxide, methanol, 
and o-xylene at their IDLH concentrations (Figure 5.12 and Figure 5.13). As shown in Figure 
5.12, the pre-oxidation spot in the glass tube had a more intense response as compared to the spot 
on the microscope slide. Of all the formulations tested, the Ludox formulation showed the 
strongest response to methanol vapor at IDLH (Figure 5.13). However, the pre-oxidation spot did 
not sufficiently oxidize o-xylene and therefore, the observed response was much weaker than the 
response seen with the pre-oxidation tube (Figure 5.13). 
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Figure 5.11. Experimental setup for a colorimetric sensor array and a glass tube coated with the 
pre-oxidation spot. 
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Figure 5.12. Color difference maps at its IDLH concentration after 5 min of ethylene oxide 
exposure using a pre-oxidation spot. For display purposes, the color range of these difference 
maps is expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All 
experiments were run in triplicate. The formulation consists of Ludox (1.5 mL), H2SO4 (0.2 mL), 
and Na2Cr2O7 (1.0 g). 
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Figure 5.13. Color difference maps at their IDLH concentrations after 5 min of exposure using a 
pre-oxidation spot. For display purposes, the color range of these difference maps is expanded 
from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were run in 
triplicate. 
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     A possible reason for the observed weak response of o-xylene is the flow rate is too fast for 
interaction of o-xylene with the pre-oxidation spot in the glass tube. In the pre-oxidation tube, 
the chromic acid on silica is tightly packed in the Teflon tube; even at fast flow rates, the analyte 
passes through and reacts with the pre-oxidation tube material. For the pre-oxidation spot in the 
glass tube, the formulation was only coated on the inside surface of the tube. In this case, a fast 
flow rate does not provide enough time for analyte to react with the oxidation spot prior to 
exiting the tube. Different flow rates of o-xylene were tested to confirm the hypothesis (Figure 
5.14 and Figure 5.15).  
 
Figure 5.14. Color difference maps when exposed to o-xylene at its IDLH concentration using a 
pre-oxidation spot with different flow rates. For display purposes, the color range of these 
difference maps is expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All 
experiments were run in triplicate. 
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Figure 5.15. Total Euclidian distances for arrays exposed to o-xylene at its IDLH concentration 
using a pre-oxidation spot with different flow rates. All experiments were run in triplicate 
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     As shown in Figure 5.14 and Figure 5.15, lowering the flow rate improved the sensitivity to 
o-xylene at IDLH concentration. Based on this finding, further testing was conducted at a 25 
sccm flow rate. The formulation was further optimized by using the different types of Ludox 
tested with o-xylene at its IDLH concentration (Figure 5.16). A slow response time was observed 
from the low flow rate tests which may be due to the adsorption of the oxidation byproducts on 
the silica surface. To address this issue, the amount of silica in the formulation was decreased by 
adding water (0.5 mL) and decreasing the amount of Ludox (1.0mL) in the formulation. The 
formulations containing the different types of Ludox were tested with o-xylene at its IDLH 
concentration (Figure 5.17). 
 
Figure 5.16. Color difference maps at its IDLH concentration after 5 min of o-xylene exposure 
using a pre-oxidation spot. For display purposes, the color range of these difference maps is 
expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were 
run in triplicate. Total Euclidian distances are shown below the color difference maps. The 
formulation consists of Ludox (1.5 mL), H2SO4 (0.2 mL), and Na2Cr2O7 (1.0 g). 
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Figure 5.17. Color difference maps at its IDLH concentration after 5 min of o-xylene exposure 
using a pre-oxidation spot. For display purposes, the color range of these difference maps is 
expanded from 4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were 
run in triplicate. Total Euclidian distances are shown below color difference maps. The 
formulation consists of Ludox (1.0 mL), H2O (0.5 mL), H2SO4 (0.2 mL), and Na2Cr2O7 (1.0 g). 
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     From Figure 5.17, the formulation containing Ludox SM, which has the highest surface area 
of the Ludox tested, showed the best response among all the formulations. The formulation with 
less silica showed the best response time and sensitivity to o-xylene exposure. Additionally, the 
response observed with the pre-oxidation spot was comparable to the response with the pre-
oxidation tube (Figure 5.18).  
 
Figure 5.18. Comparison of the color difference maps generated from exposure of an array for 5 
min to o-xylene at IDLH concentration after passing through a pre-oxidation spot and a pre-
oxidation tube. For display purposes, the color range of these difference maps is expanded from 
4 to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were run in triplicate. 
Total Euclidian distances are shown below the color difference maps. 
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     The array with the pre-oxidation spot achieved an equivalent sensitivity to the array with the 
pre-oxidation tube. Incorporating this pre-oxidation technique into the linear array will be 
explored in future studies.  
5.4 Development of a Linear Array.  
The linear array was developed and printed on the glass slide as shown above. After 
successful printing on the glass slide, initial testing of the linear array was performed to assess 
future improvement. The linear array was slid into a custom made array holder and was checked 
for leaks by flowing gas through the holder and applying snoop. The seal between the glass slide 
and the holder was imperfect, and bubbles were observed at the parts of the sensor holder shown 
in Figure 5.19. To solve this problem, silicon grease was applied to the perimeter of the holder 
between the slide and holder. The influence of silicon grease was tested by checking the 
sensitivity of the sensor to ammonia gas (Figure 5.20).  
 
Figure 5.19. A linear array holder. Gas leaks were observed at the areas highlighted in red. 
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Figure 5.20. Comparison of color difference maps obtained by exposing a linear array with 
silicon grease and an array without silicon grease to ammonia at its IDLH concentration after 5 
min exposure. For display purposes, the color range of these difference maps is expanded from 4 
to 8 bits per color (RGB range 4-19 expanded to 0-255). All experiments were run in triplicate. 
 
Applying silicon grease to the array holder effectively prevented the leakage and no 
bubbles were observed when snoop was applied. As shown in Figure 5.20, the sensor with 
silicon grease was more sensitive to ammonia than the sensor without silicon grease by more 
than 30%. One additional point of concern is the influence of a spot’s location in the linear array. 
For example, the first spot in the array may react faster than last spot in the array. This may 
decrease the array’s sensitivity and response time. To test this hypothesis, four identical naphthyl 
red spots, which are sensitive to ammonia, were printed on the slide at different locations (Figure 
5.21). The array was then tested with ammonia at its IDLH concentration (Figure 5.21).  
 
 
w/o silicon grease w/ silicon grease 
E.D: 440 E.D: 586 
159 
 
 
Figure 5.21. A raw image of an array with four naphthyl red spots at different locations. Graphs 
of the total Euclidian distances for each spot are shown below the raw image. All experiments 
were run in triplicate. 
 
     The responses of the spots were independent on their location in the array. In fact, the first, 
second, and fourth spots have sensitivities and response times to ammonia that are within one 
standard deviation. The third spot did show a stronger response compared to the other spots, 
however, this is probably due to the experimental error (e.g., quality of printing). For comparison 
of the linear array with the 6 x 6 array, arrays of both designs were printed with the same 
formulations on the same day. PET slides were used as a substrate for the linear array. The arrays 
were dried under nitrogen for three days and tested with ammonia, hydrogen sulfide, and 
nitrogen dioxide (Figure 5.22-5.24).  
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Figure 5.22. Color difference maps of the 6 x 6 PET array, the linear glass slide array, and the 
linear PET slide array after 5 min of exposure to ammonia at its IDLH concentration. For display 
purposes, the color range of these difference maps is expanded from 4 to 8 bits per color (RGB 
range 4-19 expanded to 0-255). All experiments were run in triplicate. Graphs of the total 
Euclidian distances are shown below the color difference maps. 
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Figure 5.23. Color difference maps of the 6 x 6 PET array, the linear glass slide array, and the 
linear PET slide array after 5 min of exposure to hydrogen sulfide at its IDLH concentration. For 
display purposes, the color range of these difference maps is expanded from 4 to 8 bits per color 
(RGB range 4-19 expanded to 0-255). All experiments were run in triplicate. Graphs of the total 
Euclidian distances are shown below the color difference maps. 
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Figure 5.24. Color difference maps of the 6 x 6 PET array, the linear glass slide array, and the 
linear PET slide array after 5 min of exposure to nitrogen dioxide at its PEL concentration. For 
display purposes, the color range of these difference maps is expanded from 4 to 8 bits per color 
(RGB range 4-19 expanded to 0-255). All experiments were run in triplicate. Graphs of the total 
Euclidian distances are shown below the color difference maps. 
 
     For hydrogen sulfide, the linear arrays exhibit a faster response as compared to the 6 x 6 array. 
However, ammonia and nitrogen dioxide exposure cause similar responses from both array 
designs. Some spots on the linear arrays printed on the glass slide showed different colors than 
the same spots printed on the PET slides (Figure 5.25). One possibility was that contaminating 
residues on the glass slides may have been left from poor cleaning procedures, done with crude 
acetone. Several different cleaning procedures (e.g., acid bath, base bath, and reagent grade 
acetone) were tried to see if there was any correlation to spot color (Figure 5.26). Selected 
indicators were printed on slides cleaned with the different procedures and tested by exposure to 
ammonia (Figure 5.27). 
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Figure 5.25. Raw images of linear arrays printed on glass and PET slides. Spots having different 
colors are highlighted in red.  
 
 
Figure 5.26. Raw images of linear arrays printed on glass slides cleaned with the different 
methods and on a PET slide.  
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Figure 5.27. Color difference maps for arrays printed on slides that had undergone different 
cleaning methods. Arrays were exposed for 5 min to ammonia at its PEL concentration. All 
experiments were run in triplicate. Total Euclidian distances are shown below the color 
difference maps. 
 
     As shown in the Figure 5.26, selected spots from Figure 5.25 were printed on glass slides that 
had undergone different cleaning procedures. The influence of the cleaning methods did not fully 
explain the differing color of the spots. The observed color difference comes from the different 
surface characteristics of the glass and PET substrates. This indicates that our existing sol-gel 
formulations need to be modified for use with printing on a glass slide. Testing with ammonia 
revealed that the cleaning procedure did influence the responses of the array, and cleaning with 
reagent grade acetone is appropriate for future printing.  
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5.5 Conclusion.  
     A pre-oxidation spot and a linear array have been developed. An inorganic formulation 
consisting of Ludox colloidal silica was successfully developed for printing the strong oxidizing 
agent. The pre-oxidation spot coated inside the glass tube achieved the equivalent oxidizing 
power as the pre-oxidation tube, but response times were slower. A linear array was successfully 
printed and tested. Gas leaking on the array holder could be overcome by applying silicon grease. 
However, sensitivity and response time of the linear array were not improved compared to the 6 
x 6 array. Further work is needed to improve its performance. 
5.6 Future Work 
     A pre-oxidation method will be incorporated into the linear array. Additionally, the linear 
array has not yet been optimized as the surface characteristics of the glass slide are different 
compared to those of PET. Thus, modification of the existing formulations is needed. 
Readjusting the amount of base and acid added to several pH indicators can improve the 
sensitivity of the array. Nitrogen dioxide testing indicated that the response time of the linear 
array was no faster than the response times of the 6 x 6 array; therefore, optimization of a more 
porous sol-gel formulation may improve the response times of the array.12-16 
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